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Introduction 



The problem of air pollution has existed for centuries. Smoke, ash, sulfur 
dioxide and other products of simple combustion have long been recognized as 
a nuisance, and a costly one. At the present time, the belief that air pollution 
not only is a source of discomfort but also may constitute a menace to human 
health has grown to a conviction. Serious air pollution episodes have certainly 
resulted in increased mortality, and independent investigations have suggested 
a possible relationship between chronic exposure to a polluted atmosphere and 
such diseases as acute bronchitis and primary lung cancer. 

There is a distinction between the pollution of air in a factory or other 
occupattonal environment, where the workers— usually healthy adult males- 
are exposed only during their workmg hours, and the pollution of the general 
enviromnent, which exposes ^an entire population group for an indeterminate 
period of time. Such a general exposure constitutes a problem in public 
health, and is properly a matter of concern to public health authorities. 

The control of air pollution is no longer concerned merely with the products 
of simple combustion of conventional fuels. Industrial effluents discharged 
into the atmosphere are increasing in amount, in diversity and in complexity. 
As a consequence of developing industrialization, of the expanding use ofinter* 
nal combustion engines, and of the greater densities of population exposed to 
air pollutants, the seriousness of the situation is rapidly increasing, and the 
difficulties of applying effective controls are becoming progressively greater. 

This monograph brings together a body of recent information on a number 
of aspects of air pollution for the benefit of public offic 'mls, and in particular 
public health officiak, who are faced with the necessity of taking appropriate 
and effective action. In order to ensure that the material included herein faith- 
fully reflected world trends in air pollution research, the individual chapters 
were submitted to a panel of experts in the field, five of whom contributed to 
the monograph. These authorities, who attended a meeting of the WHO 
Expert Committee on Environmental Sanitation in 1957, are as follows : 
Dr E, C, Halliday, Head, General Physics Division, National Physical 
Research Laboratory, Council of Scientific and Industrial Research, Pretoria, 
Union of South Africa ; Dr Harry Heimann, formerly Chief, Operational 
Research Section, Air Pollution Medical Program, US Public Health Service, 
Washington, D,C„ USA ; Dr E, Leclerc, Professor of Industrial Chemistry 
and Sanitary Techniques, Universi$y of Li^ge, Belgium ; Dr Louis C. McCabe, 
President, Resources Research Inc., Washington, D.C., USA: Dr Albert 



s 



INTRODUCTION 



Parker, formerly Director of Fuel Research, Department of Scientific and 
Industrial Research, London, England; Dr C.A. Ragazzi, formerly Director, 
Municipal Office of Hygiene, Milan, Italy ; and Dr M, N. Rao, Professor 
of Physiological and Industrial Hygiene, All-India Institute of Hygiene and 
Public Health, Calcutta, India. 

Thanks are due to Professor L. Silverman of Harvard University, who 
re-examined the material and gave valuable guidance on technical aspects. 



E. C. HALLIDAY, M.Sc, Ph.D. * 



A HISTORICAL REVIEW 

OF ATMOSPHERIC POLLUTION 



Iitroihictioii 

Man cannot live without breathing oxygen diluted with some inert gas, 
and in the atmosphere there is a suitable mixture of oxygen and nitrogen. 
But in addition there is a variety of pses, vapours and aerosols, varying in 
content and concentration at difTei^nt places over the surface of the earth, 
and these he needs must bi^the in too. Some of the materials in question 
are physiologically inert, but others produce reactions which range from 
mild inconvenience to severe toxicity. 

A simple consideration -indicates that there has never been a truly 
unpolluted atmosphere, for decaying vegetable matter, decaying dead ani- 
mals and the products of forest fires have emitted gaseous and particulate 
matter since the world began. However, atmospheric pollution, as a subject 
for concern on the part of the general public, has come into existence only 
as the result of technology. The first technical development of man was he 
use of fire, whfch produced carbon dioxide, smoke and ash; and the atmo* 
sphere of all towns, even in early civilizations, must have contained a con- 
siderable amount of pollution. Accounts of mediaeval towns in Europe 
indicate that the air was fouled not only by wood smoke but also by the 
odours of many domestic activities, of noxious trades such as tanning, and 
of the decaying rubbish in the streets caused by a most primitive sanitation 
system. Nevertheless, the citizens of the towns do not seem to have been 
unduly concerned by the quality of the atmosphere which they breathed. 

With the introduction of coal as a source of h^t, signs of the rise of 
public dissatisfaction ai^ noted by historians, and one might say that 
atmospheric pollution as a social problem dates from the beginning of the 
14th century. But a scientific and technical review of the history of air 
pollution cannot commence much before the y«ir 1850, for before that 
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time, though there was much talk about the obnoxiousness of smoke, little 
knowl^ge was available and so no progress was made in the control of 
pollutants. 

An over-all view of the hundred years since the first steps were 
taken in undemanding the nature of air pollution indicates that two pro- 
cesses have been in operation. On the one hand, developing techniques 
have introduced new forms of pollution into the atmosphere and, on the 
other, town populations have become more intolerant of the types of pol- 
lution which they were having to breathe. With this growing dislike of 
pollutants, interest has spread to the effects of these materials not only 
upon man himself but also on vegetation and animals, upon builotngs, 
clothing, works of art and other articles of property. This latter develop- 
ment is hardly within the immediate scope of public health, and yet the 
study of atmospheric pollution can scan^ly fail to take notice of it, since it 
indira;tly affects man's mental, if not physiological, well-being. 

It therefore appears that atmospheric pollution consists of that material, 
gaseous or particulate, which is commonly found a^ociatcd with the oxygen 
and nitrogen of the atmosphere and which (a) toxic, (b) irritant, and 
(c) in the nature of a hardship to man, eithe* airectly or beoiuse of its toxic 
or harmful effects upon animals, vegetation or human property. 

In the time available for the preparation of this historical survey it has 
not been possible to make a very full study of the many scientific and tech- 
nical publk:ations which have mark^ the progress i» the study and control 
of pollutants in the air. Considerable use has been mide of (1) a biNio- 
gr^phy prepared by the US Bureau of Mines (Davenport & Morgis, 
1954); (2) a bibliography attached to an artide by Schwartz et al. (1955); 
(3) a bibliography drawn up by the Fuel Research Station of the Depart- 
ment of Scientific and Industrial Research (Great Britain, Department of 
Scientific and Industrial Research, 1956); (4) a monograph on air pollu- 
tion (Meetham, 1952) and a book on smoke (Marsh, 1947), a com- 
pilation of papers on air pollution (Mallette, 1955) and a number of reports 
which have been ient by public health departn^nts or prominent research 
workere in France, the Netherlands, Austria, Italy and Australia. 

H vs^ thought that graphic demonstrations of the growth of activity in 
the ^tid air pollution might telp in an appreciation of the subject, and 
for ♦Lis ..tti pose the US Bureau of Mines bibliography was made use of, 
althoii it was clear that in this volume the information about work in 
Germany and France was very inadequate, and that quite a number of 
artickn published in England had escaped attention. In addition, the 
bibliography lists some i»pcrs more than once if they happen to deal with 
several of the subjects in the classification adopted by the compilei^. Never- 
theless, it was thought that in ^neral the bibliography was a complete 
enough collection of data on which to construct graphf that would give a 
revealing picture of historical development. 
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The first graph (Fig. 1) shows the development of total world activity 
in the form of a histogram based on five-year avera^s. Superimposed on 

FIG. 1 

PROGRESS OF TOTAL TECHNICAL ACTIVITY AND OF RESEARCH 
ACTIVITY IN THE FIELD OF ATMOSPHERIC POLLUTION 
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the histogram is a graph of the actual number of research papers published 
every year for the same period. The second graph (Fig. 2) shows the de- 
velopment of world activity under three heading— the nature and origin of 
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pollution, effects of air pollution (medical and other), and the methods of 
control. These graphs show that (a) there ^as been a steady development in 



FIG. 2 

DEVELOPMENT OF THREE DIFFERENT LINES OF INVESTIGATION IN 
THE FIELD OF ATMOSPHERIC POLLUTION 
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scientific and technical activity in the field of air pollution for over sixty 
years; (b) though medical and technical activity led the way prior to 1900, 
physical and chemical research is now playing a leading part in the stu<^''*s- 
(c) activity in the study of air pollution has been ad\^rsply alfe 
wars and by economic depressions, probablv more than oti ts oi 

scientific investigation. This indicates that air pollution research has been 
a marginal activity, a sort of ** extra " to the nonral community interests, 
and has not achieved the status attained by other branches of public hygiene 
(such as food pollution and epidemic control); and(rf) activity in air pollu- 
t on studies has increased during the last ten years at a very much faster 
late than during the previous fifty years, the slope of the graphs indicating 
that at least one strong mw influence must have made itself felt about 1945. 
It is not possible to continue the graphs beyond 1952 because knowledge of 
the papers that have been published during the years 1953-55 is incomplete. 
The card index which the US Library of Congress is compiling is by no means 
complete, so that it would not be a true indication of the present state of 
affairs to make «se of the information at present available, but the general 
impression gained from a study of the various journals is that the rate of 
publication and the an»>unt of study being carried out are still increasing. 

The Diffat^ PoUotasts and tbm Htce in History 

Smoke is the first pollutant to have attracted community attention, and 
its history goes back to the 13th century. The immediate cause of the pro- 
duction of smoke in such quantities as to constitute a nuisance was the 
exhaustion of the supplies of wood fuel in Europe and the introduction of 
coal as a substitute. The growth of populations and the development of 
manufacturing methods product an increased demand for fuel, rapidly 
depleting the reserves of wood in the afforested areas. In very many articles 
which have been written on the subject (Davenport & Morgis, 19S4) refer- 
ence is made to the conditions in London as early as 1300, when a royal 
proclamation prohibited the use of coal in London, and from that time 
onwards communities have suffered from smoke and soot, until compara- 
tively recently without relief. 

Sulfur dioxide is the second pollutant to cause community discomfort, 
for it is produced at the same time as smoke, from the burning of coal, but 
for quite three hundred years the sulfur dioxide was not recognized as a 
separate pollutant because of the inadequate chemical knowledge available. 
All that was known was that smoke was accompanied by an unpleasant 
smell and an irritation to the throat and nose. By 1600, however, it was 
well known that the sulfur in the coal was responsible for the annoyance, 
and methods of coking coal to remove some of the sulfur and volatile com- 
ponents were already being developed. 
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Sulfur dioxide in much higher concentrations than are met with as a 
result of the combustion of coal has become a pollutant wherever the metal- 
lurgical industry has developed, for so many metallic ores are sulfides that 
a very high percentage of processes for producing pure metals also produce 
tremendous quantities of sulfur dioxide. 

Hydrochloric acid first became a recognized atmospheric pollutant some 
time after 1800, with the development of the chemical industry. In the pro- 
duction of sodium carbonate from common salt a strong emission of hydro- 
chloric acid was produced which did greatdamage to propertyand vegetation. 

The chemical industry ^so introduced such pollutants as hydrogen sul- 
fide from tar distillation, nitrogen dioxide from the chamber process for 
sulfuric acid, hydrogen fluoride from the production of super phosphate 
fertilizer (and later from the manufacture of aluminium), while the metal- 
lurgical industry introduced the community to a variety of poisonous or 
noxious fumes from such metals as lead, arsenic, zinc and copper. In very 
recent times the tise of beryllium for a number of industrial purposes has 
created a fresh hazard in the form of finely divided beryllium, and there is 
a likelihood that in the future new industrial techniques will bring with them 
their own types of pollutant, which will first be experienced by the industrial 
worker and may later become part of the pollution of city air unless steps 
are taken to control the precedes. 

From what has been said above one fact emerges which must always be 
remembered — that poUution of the air of the city is an extension of the 
pollution of the air of the factory, so that the science of air poUution control 
is an extension of the sclent of industrial hygiene. The methods of measure- 
ment are simikr in principle but not in practice, for the industrial hygienist 
iz working in a semi-closed atmosphere where concentrations are higher 
than the> are in the street, and his conditions are slightly simpler, so that 
sampling processes which last for only a few minutes are usually sufficient 
to give him a picture of what is taking place in the factory, while sampling 
procedures in the street must usually continue for months and often for 
y^rs before an understar^ Jing is obtained of the pro^sses concerned in the 
production of the pollr aon. Thus the new forms of pollution which have 
b^n encounter^ in Los Anf^les since 194S are still not well understood, 
although measurements have been proceeding for nearly ten years, virtually 
without intenuption. These pollutants cannot be named in this outline 
because their nature is not yet properly understood, but it is quite clear 
that they are a type of poUutant which can be expected to play an increasingly 
important part in the atmospheres of cities in the near future. 

The Hist<^ of SnM^e and SaUiir Dioidde 

Until peiiiaps 1940 or thereabouts the words "air poUution" 
meant for mo&t people smoke and sulfur dioxide. A study of the biblio- 
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graphtes which have been prepared on the general subject of atmospheric 
pollution (Davenport & Morgis, 1954; Great Britain, Department of 
Scientific and Industrial Research, 1956; Schwartz et ah, 1955) indicates 
that almost all the scientific and technical papers which were written before 
that date deal with smoke, its manner of production, its effect, methods of 
determining the emission rate from stacks, and technical methods of reducing 
the emission of smoke from industrial furnaces and of lowering the con- 
centration of sulfur dioxide in the neighbourhood of refineries and smelters. 
So the problem of smoke and sulfur dioxide far outweighed in interest the 
problems produced by any other form of pollution. 

The Bureau of Mines bibliography lists only thirty articles, on the nature, 
composition and effects of air pollution, published in the thirty years before 
1890, and all of them are concerned with the effiKits of combustion. Not a 
single paper was written upon the teehnique of determining the nature and 
concentration of this pollution. On the other hand, nearly eighty articles 
are listed on the subject of the control of air pollution by means of stoking 
techniques and the use of smokeless fuels. This shows the small part that 
scientific methods and the scientific mind were taking in the handling of this 
problem. 

For the following ten years the bibliography lists thirty-three articles on 
the composition and effects of pollution and eighty-eight on methods of 
control, .11 nothing had been written on the technique of the determina- 
tion of concentrations of pollutants. Practically all of this literature was 
concerned with smoke and sulfur dioxide, although, as has been noted 
earlier, the production of hydrochloric acid and hydrogen sulfide pollutants 
had already developed con^derably as a result of the growth of the chemical 
industry. However, the fact that smoke was an almost universal blight upon 
the city populations of the United States of America, Great Britain and other 
countries of Europe caused it to claim almost all technical interest. As 
early as 1 880 an article in the Journal of the Royal Society of Arts (Carpenter, 
1880) stressed that coal combustion in low-temperature domestic and semi- 
domestic furnaces was a major cause of smoke, while in 1897 the Journal 
of the Franklin Institute analysed very concisely the mechanism of coal 
combustion and indicated that low-temperature combustion is a prolific 
sour^ of smoke; and in 1899 a lecturer in London (Beilby, 1899) commented 
on the same factoid, condemned over-stoking, inadequate air supply and 
low-temperature combustion, discussed the need for mechanical stokers and 
smokeless fuels, and showed that smoke is the result of abuse of combustion 
equipment. Thus by the turn of the i^ntury almost everything that is known 
today about the causes of smoke and their elimination had already been said, 
but hardly anything had been done to reduce the smokiness of cities. 

The reason for this inability to take advantage of knowledge had been 
stated very cleariy by a writer in a British building journal {Builder (LondJ, 
1899). He had pointed out that (a) smoke was a by-prodiK:t of an acti« 
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vity which commanded the attention and the support of all financial 
interests in the country because it produced goo<^s and profits, and therefore 
the willingness to give thought to the smoke aspect of the activity was very 
limited; {b) the damage done by smoke, though very considerable through- 
out the country, was not very clearly visible to the individual smoke pro- 
ducer, because it was very widely spread, so that interest in the reduction of 
smoke was lacking; and (c) since the damage done by smoke was due to a 
very large number of small producers of smoke, a clear relationship be- 
tween cause ^^nd effect was difficult to establish. 

This analysis of the situation remains true to this day. The control of 
smokiness depends upon the control of the production of smoke, and the 
control of a very large number of source is very inadequate when the owners 
of the sources do not see any clear need for such control in their particular 
case, even though they may be quite convinced of the undesirability of the 
smokiness as a whole. 

The history of smoke control in American cities, such as St Louis, 
Pittsburgh, and Cincinnati, shows that even when a very large volume of 
public opinion w^ convinced of the need for smoke reduction, that same 
public was militantly unwilling to take the technical stei» necessary for the 
reduction, the mental attitude always being that the mponsibility for cure 
must surely lie at someone else's door. The following quotation comes from 
a historical article by R. R. Tucker (1945), one-time Smoke Commissioner 
to-the City of St Louis: 

Iq 1925 a fre^ start was Initial ... the attemsn was to be one wherein the general 
public would be edticated to the advaotages of the elimtiiation of smoke. A competent 
staff was employed ... A tiring ^hool was started in the center of the city and instruct Ions 
were given to individuals In the proper method of firing typical equipment used in St Louis. 
While in prepress a survey showed that ihert was a mat^ial reduction in the quantity <^ 
smoke discharged into the atmo^here. This was not however readily apparent to the 
average citizen. As the campaign tapered oft interest waned and St Loubians returned to 
their slovenly habits of firing* 

With referent to the 1939 smoke regulations, he writes, Enforcement 
of the ordinan(^ was resisted by some, and brochures were even distributed 
within a radius of two miles of the Commiss'oner's house insinuating that 
the Commissioner was dishonest and was showing favouritism for monetary 
considerations. " 

During the period 1890-1914 quite a number of studies were made of 
the smoke situation in various cities. A very intense investi^tion was 
conduct^ in Chicago in about 1910, resulting in the publication of a printed 
report of some five hundred pages in which almost everything that is studied 
nowadays regarding smoke, soot and ash was examined and reported upon. 
Other cities investi^ted were St Louis, in 1907 (League AmerMunk. Bull, 
1907), and Pittsburgh, in 1912 <Pittsburgh University, 1912). A large 
scale measurement of smoke, sulfur dioxide and soot-and*ash fall was star- 
ted in Great Britain in 1912 (5^/. Amer, 1914a), and has continued for over 
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forty years, with a steady increase in the number of measuring stations. 
(In passing it is interesting to note that the i30ssible origin of the Br ish 
lead peroxide method of estimating sulfur dioxide lies in a paper by 
Witz in 1885 on the smoke of Paris, in which it is suggested that the attack of 
sulfur dioxide on the lead peroxide in paint might be made a method of 
studying the pollution of the atmosphere.) 

In spite of these studies and even in spite of the passage of a number of 
ordinances in Cincinnati, Montreal, Chicago, St Louis, Pittsburgh and other 
cities, and of laws in Germany (Schwartz et al., 1955, p. 542) and Italy 
(Mallette, 1955, p. 253), the smoke position apparently did not improve, for 
in 1930 city agitation on the matter of smoke was still an issue. By this time 
it was booming apparent not only that the remarks made in the Builder 
(1899) and on various subsequent occasions were true, but that as the small 
consumers of coal had no really effective method of preventing the produc- 
tion of smoke from their small and inefficient appliances, legislation and 
pcnalticswereofalmost no effect, so that the only way of stopping smoke 
at the source was to supply a fuel which was very nearly incapable of pro- 
ducing smoke. As a result cities such as St Louis and Pittsburgh prohibited 
the sale of bituminous coal with a volatile content of more than 20% 
and provided alternative smokeless fuels such as anthracite, or processed 
smokeless fuels such as Pittsburgh's Disco '\ At the same time the 
increasing supply of oil or of natural gas as a heating fuel in many American 
cities, at a pri^ comparable with that of coal, caused a widespread switch to 
these fuels and in this way dramatically changed the pollution situation in 
many of the ^eat cities of the USA. 

Great Britain was in a vastly diffei^nt situation, for natural g3& was 
unobtainable, and oil had to be imported and paid for with foreign exchange, 
so that coal gas, coke and smokeless solid fuel were the only substitutes 
available. At this point, economic depr^ion and then war intervened to 
prevent action in Great Britain. It is fairiy certain that the programme of 
pollution measurement which was started in 1912 was intended to be a 
preliminary to a programme of smoke abatement. However, the 1914-18 
war held up the measurement programme, and by 1925 the economic situa- 
cion was such that no one had the heart to urge any action that did not have the 
promise of increase eaminp a» its immediate goal Then came rumouis 
of war and finally war itself, and it was not until 1946 that the country was 
once again in a position to consider the situation. By that time it had be- 
come clear that with the high price (rf* coal and the r^uced coal reserves of 
Great Britain, even that saving in coal which would be obtained by a smoke 
elimination campaign would be extremely viduable, apart from the other 
advantages to be expected from smoke function. With the country in this 
frame of mind it was possible for national action to be considered, and this 
led to the Clean Air Act, which is now in its early stages of application. The 
Act is based upon the same realization that motivated the anti-smoke 
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administrators in the American cities— that only a rationalized use of fuel 
would lead t*^ the elimination of smoke. The Act therefore involves con- 
siderable national planning (a) to equip all new houses, and by degrees all 
old houses, with equipment which will bum smokele^ fuel-neither gas, coke 
or low volatile carbonized coal; and (b) to develop throughout the country 
an efficient use of the country's coal for the purpose of supplying gas. coke, 
smokeless solid fuel (by several different methods suitable for different raw 
supplies) and such by-products as benzol, ptmrmaceutical and other chem- 
ical raw materials, road tar and fuel tar for large boilers. This process 
has only recently been started and it will be intensely interesting to watch 
its development. 

It is probably worth while to consider briefly the factors which have 
caused the Americans to apply city control and the British to apply national 
control. In both cases the clue to the solution is rationalized fuel supply. 
In the USA unorganized processes, such as the development of waste natural 
gas supidies and of oil burners for house heating, at a price competitive 
with coal, caused householders and others to turn to the right sort of fuel 
for the purpose of reducing smoke emi^ion. In addition, the USA being 
a federation and extremely large in area, with an expanding economy and 
fiscal funds in plenty, the conditions were right for city control of smoke 
emission, aided by state legislation to give the cities the ne<^sary powers* 
In Great Britain the question of fuel supply was difficult to solve and, in 
addition, by the time that public opposition to air pollution had grown 
strong, the econonac situation had become stationary, leaving very few 
surplus funds to allow for independent ventures by cities. Thus, although 
under the terms of the Clean Air Act i'.-; cities and local authorities 
are entrusted with the carrying out of many provisions ol'the Act, the drive 
for the eUi^nation of smoke has come from the central government, 
which alone can sponsor a study of the fuel situation and its rational de- 
velopment in the direction of the most economic supply of smokeless 
fuel. 

In all this one must not lose sight of the i^rt played by the smoke abate- 
ment societies in both countries, for the problem being fa<^ was that of 
changing the hatnts of a nation, and only considerable and capable propa- 
ganda activity could develop the thinking of citizens sufficiently to make it 
possible for these administrative programmes to receive satisfactory sup- 
port. There is no great value in tracing the rise and fall of various smoke 
abatement associations in the USA and Great Britain, but reference should 
be made to the two main associations, the Air Pollution Control Association 
in the USA, which not long ago celebrated its fiftieth anniversary, and the 
National Smoke Abatonent A^ociation in Gre^* Iritain, whose journal 
Smokeless Air has re^ntly published its hundredi . issue. These associa- 
tions, by public meetings, prof^^nda literature, appeals to the public, the 
industrialists and the government, and by other activities, have continually 
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Stressed the need to take atmospheric pollution seriously and not to allow 
it to become a chronic condition of city life. 

Up to this point nothing has been said about sulfur dioxide in associa- 
tion with smoke because, while the emission of smoke is difficult to prevent, 
the emission of sulfur dioxide when coal is burnt is almost impossible to 
prevent. Some of the l%-4%of sulfur which is present in coal can be 
removed by washing the heavy pyrites from the lighter coal, but some sulfur 
is always letlt and the result is the production of sulfur dioxide when the 
coal is burned. If the concentration of sulfur dioxide in the flue gases 
were high the chemical extraction of the sulfur might be possible, but the 
very large volumes of gas which have to be treated make the processes very 
intractable. Two large electricity plants in London have installed flue-gas 
scrubbing equi[mient in spite of the very high cc^ts involved (Meetham, 
1952, p. 239; Pearson, Nonhebel & Ulander, 1936), but nowhere else in the 
v^orld have industries using large' quantities of coal been able to face the 
problem of sulfur recovery. Large industries produce little smoke but large 
quantities of sulfur dioxide, so this is their main problem and it is far from 
easy to solve. Small consumers of coal make much more smoke and much 
less sulfur dioxide, so that their problem is efficient combustion, which is 
capable of solution. 

Smoke tad Sdfiir Dioxide is Em^pe 

Pollution by smoke and soot in the continent of Europe has had a history 
somewhat similar to that in Great Britain and the USA, but with variations 
due to local conditions. In Germany, the Netherlands and Austria the 
domestic pattern of fuel usage in many cities is the use of gas for cooking 
and for water heating and the use of coke for space heating, in box-type 
stoves. This domestic pattern produces hardly any pollution, so that indus* 
trial source begin to be of predominant interest. Nevertheless, measurement 
in Berlin in 1954 (Heller, 1954) showed quite a high proportion of smoke of 
domestic origin. Towards the end of the 19th century there is evidence of 
extensive damage being done to forests in Germany by the sulfur dioxide 
from smelters, and even to this day fhe heavily industrialized Ruhr Valley is 
an area of intense smoke pollution, from both industrial and domestic 
sourm. But in ^eral it may be said that the conditions in Germany, the 
Netherlands and Austria wre better than they were in Great Britain and 
the USA. One ^^ter has said that this is not so much due to a considera- 
tion of the ne^ for the reduction of air pollution as to a need to conserve 
every ton of fuel available. Nevertheless, in 1928 a writer claims that the 
public health authorities should ^ve more consideration to the control of 
smoke and fumes (Hahr, 192^, and in 1943 another writer speaks of the 
neo^ity for investi^tions on the nature of damage to plant life due to 
waste gases (Koritnig, 1943). 
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The legal situation is that in Germany and Austria laws were passed, in 
1820 and 1909 in the former country and in 181 1 in the latter, with the object 
of enabling any person who suffered damage through the action of waste 
gases upon himself, his livestock or his property to claim compensation. 
The result of this has been that industries have had to watch their effluents 
because of the possibility of large claims for damages, and as a result asso- 
ciations of industrialists, such as the Vereinigung der Grosskesselbesitzer, 
discuss at their conferences technical papers on the prevention of smoke 
emission; in addition the literature includes a large number of articles on 
methods of assessing damage to plants and property. The laws, however, 
make no provision for damage caused by the effluents from domestic chim- 
ney$« and there is at present a move in Germany to bring about the adoption 
of legislation which will control the emission of smoke and fumes from 
domestic buildings and from vehicles. The situation in France seems to 
be somewhat similar. Legislation was pa^ed in 1932 (Schwartz et al., 1955, 
p. 540) defining what shall be tolerated in the way of smoke and fume 
production, and the implementation of this legislation h^ been left in the 
hands of the local authorities. Such pollution as is caused by domestic 
combustion is uncontrolled, but the of coal in France is not as extensive 
as it is in Great Britain, so that conditions on the whole are not severe. 
However, measurements of smokiness and of sulfur dioxide concentration 
in Paris during 1950-56 show that the smokine^ of Paris is comparable 
with that of London on ^rtain occasions, and a government commission 
was appointed in 1954 to comider the dangen which are caused in the 
country by the emission of pollutants to the air (Raymond, 1956). 

Italy has b^ome a city-dwelling industrial country only comparatively 
recently, and even now almost all its soufhem portions are largely farming 
lands. A technical article (Mallette, 1955, p. 252) states that, owing to 
the meteorological conditions of Italy, the accumulation of pollutants 
is less than it is in other parts of the world, but gives quite a number of 
cases of physiological upset due to pollutants, indicating that there must 
often be conditions in which dan^rous concentrations of pollutants are 
present. 

Italian law on air pollution, dating from 1912, seems to be concerned 
only with the control of effluents from industries^ so that one is incline to 
say that public opinion in Italy, of a nature unfavourable to pollutants in 
the air, has grown rather slowly. 

Gmral R^ew (rf the More Specific PoDtitft^ 

The sources of air pollution from the products of combustion are 
almost always very numerous and widespread.^ This type of pollution is 
therefore diffuse, the concentration levels usually varying only slightly from 
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phct to place in a city. The air pollution caused by the emission of specific 
pollutants^ such as SO2 from smelters, HCl and NOj from chemical industry, 
HF from aluminium plants and fertilizer factories and some foundries, H^S 
from gas retorts, and arsenic, lead and zinc fumes from some metallurgical 
processes, has this characteristic that the number of such sources in or near 
a city will usually be limited and the affected area around each source is 
usually small Thus the offensiveness or the toxicity of the effluent is found 
in a confined area, and the complaint rate is consequently lower, whi ^ the 
source of the effluent, once it has been identified by techniques (which %ave 
been developed in the practice of industrial hygiene and are now used ir the 
control of city air pollution) is fairly easily discovered. The result is thai £he 
problem of these pollutants is actually not as difficult as that of the products 
of combustion, and less has been written on the subject. 

In the Bureau of Mines bibliography up to the year 1930 nearly 90 per 
cent of the articles list^l were concerned with the products of combustion 
and onfy 10 per cent dealt with sp«;ific pollutants. After 1945 only 45 per 
cent of articles were concerned with products of combustion, 20 per c^nt 
discussed aerosols, and 22 per c^nt dealt with the toxic and noxious chemical 
gases. The cause of the hei^tened scientific and technical interest must to 
some degree be due to the increasing activities of city pollution-control 
organizations, which had been covering the chemical industries as part and 
parcel of their normal activities throughout the USA. These control 
organizations were in all cases originally established to handle the products 
of combustion, but as soon as their activities had become streamlined they 
became conscious of the localized pollution situations caused by the chem- 
ical and metallurgical industry and included them in the control scheme. 

The administrative pattern for the control of such pollutants in the USA 
has been for each city to draw up its own regulations and specifications for 
the concentrations of pollutant (varying from type to type) which might be 
allowed to escape from a stack. Some of the states have passed tesic legis- 
lation giving the cities a set of principles on which to work, while other states 
have takeff each application made by each city for powere to control pollu* 
tion on its own merits and approved or modified the terms of the application 
as the situation seemed to require (Smoke Prevention Association of America, 
1922). 

In the continent of Europe the pattern of action has on the whole been 
to pa^ national legislation specifying what conspirations of different pol- 
lutants would be tolerated, and to leave the application of the law to local 
authorities. One interesting development was the early action of Italy— in 
1912— in classifying a group of industries as dangerous and prohibiting 
their operation at less than a stated distance from a town or city. This of 
course left the country folk to bear the uncontrolled effluents; and, more* 
over, as time has passed, some of these industries have been enveloped by the 
towns, so that the lepi provisions have become inoperative. 
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In Great Britain a rather different approach was adopted when the chem- 
ical industry be^n to develop in the second half of the 19th century. The 
emissions of strong acid fumes from the new factories were very offensive 
and dangerous for quite a distance round each factory, and the first reaction 
of government authorities was to forbid the operation of the factories alto- 
gether However, the commercial importance of the activities concerned 
to the country's economy was realized, and so under the terms of the 
" Alkali, etc. V/orks Regulation Act first passed in 1863 and amended in 
1878, in 1881 and in subsequent years, all these factories were placed under 
the care of a specially created government-controlled inspectorate. 

The object of the inspectorate was to ensure that all these factory pro- 
cesses were operated at the highest level of eflSciency known to the chemical 
industry. With two exceptions, no statutory specifications were written for 
the maximum amount of effluent which would be allowed from any given 
stack. Instead, tte insp^oi^ acted as advisei^ and consultants to the 
industries under their caie, and sawto it that any discovery of a method of 
reducing effluent in one factory was immediately communicated to all simi- 
lar factories and put into operation there. This method of control is not 
directly based upon a health criterion, but upon a " chemical efficiency " 
con^ption, so that the A^ali Inspectors " as they are call^ are all men of 
considerable experience in chemical industry rather than in industrial 
hygiene or sanitary engineering, but the efGsct of the control method has 
bron to produce steady reductions in effluent levels i n chemical factory stacks. 
In addition, this line of action has fostered the development of quite a num- 
ber of new uses for pollutants scrubbed from industrial effluents, so that 
waste has been turned into a marketable by-product. 

It should be noted that although the or^nization of the prevention of 
chemical effluent emission in the USA had its origins in public hygiene, the 
actual basis of operation of the control authorities in many American towns 
is almost identical with that of ihs British Alkali Insp^torate. It has been 
found that the inspector who considers a factory merely from the hygiene 
asp^t can only attempt to control the effluent escaping from the factory; 
but since he is not an industrial chemist hr cannot enter into a considera- 
tion of the pro<^sses in the factory which produce the effluent, and so cannot 
be of any assistance to the industrialist in advising him as to the technique 
to be employed in reducing the effluent, or^ on occasioiu,.the method to be 
used for turning mere waste into an income-producing by-product. 

Los Aisles'' PoUotkm: a New Type 

In 1943 Los Angeles began to experience a new type of pollution which 
has caused the city to become known throughout the world for its smog. 
It is no^ thought that similar pollutants are to be found in almost all large 
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cities, but Los Angeles was the first area to experience high concentrations 
of this new pollutant, because of two circumstances more marked there 
than in most other cities of the world. Los Angeles has a poor natural 
ventilation (on a meteorological scale) and it also uses no coal but has a 
very high consumption of petrol. The result is that the atmospherie con- 
centration of sulfur dioxide is very low, but because of the stagnation of the 
air over the city, other pollutants, which are now thought to be of a petro- 
leum origin, are held in the air-volume above the city until quite high con- 
centrations result. 

Los Angeles became a very highly industrialized area during the recent 
world war, and its population increase very rapidly. By 1944 the inhabi- 
tants became aware ^ an atmospheric coiuJition which appeared and dis- 
appear^, but sometimes remained for days at a time, in which visibility 
was reduced markedly by a li^t bliK haze, and many persons suffered 
from sore throat, rumiing nose and eyes, and varying degrees of headache. 
Air pollution officials from the eastern towns of the USA came to study the 
situation and d^ded that the cause was sulfur dioxide, which can produce 
some of the above symptonu, though usually not all of thenu A programme 
for the reduction of sulfur dioxide emission by various industries, including 
the oil refineries, did not produce the expect^ reduction in the smog, 
as it was called, so further investigation was made and it was discovered 
that petrol vapour (hydrocarbons) in combination with perhaps nitrogen 
dioxide or some other reagent present in the air, and under the influence of 
the energy of sunli^t, produ«d some organic compound which has still 
not been defined with <^rtainty but which is thought to be a strong oxidizer. 
A substance which was made from hydrocarbons and nitrogen dioxide, 
irradiated by ultraviolet light under experimental conditions, was shown to 
possess the Isushrymatory properties of Los Angeles smog, and so the 
smog control agency set out to prevent the escape of petrol vapours 
from the storage tanks of the oil refineries* This a<^ivity still did not have 
the reqjiied effect, so further diought was given to the subject and it was 
reali^ that the very hi^ number of two and a half million motor cars 
in Los Angeles used five million gallons of petrol a day and, because of the 
inefficiency of the automobile carburetter, emitted over a thousand tons of 
hydrocarbons to the atmosphere daily. This means that in a new situation 
the old problem has again arisen— namely, that the major source of the 
pollution comes from a very large number of domestic consumers of fuel, 
this time petrol. As in the case of dom^tic coal combustion in St Louis and 
Pittsburgh; the cure caoncH be found in terms of legislation forbidding 
motorists to produce hydrocarbon effluent. It must consist in technical 
advances which will enable the automobile engine to bum its fuel with an 
eflSciency approaching 100 per <»nt. This is the present situation in Los 
Angeles, whose^hort history often years of air pollution research has made 
air pollution officials in all the large cities of the world reconsider their 
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position for the future. If hydrocarbons from automobile exhausts are the 
cause of a major problem in Los Angeles, then the problem can appear in 
other cities as soon as the number of automobiles becomes large enough, 
and in all cities the number is steadily rising. Scientific articles on Los 
Angeles smog are very numerous, but luckily a good many of them are 
gathered together in the proceedings of conferences which have been held 
on the Los Angeles situation (California State £>epartment of Public Health, 
1955; National air pollution symposia, 1949, 1952, 1955; Stanford Research 
Institute, 19S4). 



History <rfte Sdeotific Anlysb of Air Pt^tioa 

The following is a short review of the scientific aspect of the study of air 
pollution, living out almost entirely the technical and engineering advances 
which have b^n made in the control of the emi^ion of effluents by means of 
filters and precipitators of a variety of' types. Though this work is interest- 
ing and very important it has to do with the control of known entities, where- 
as the vital issue in air pollution has b^ the discovery of the nature of what 
was in the atmosphere, so that in turn the source of such entities could be 
found. The story is intimately bound up with the history of the development 
of industrial hygiene, for very often the discoveries made in industrial hy- 
giene laboratori*;.^; in which the health of the workei^ was the question at 
issue, were applicable to the work being done in air pollution research, in 
which the amenities of the city dweller were the basis of action. 

1890-1905 

In the graphs shown in Fig. 1 and 2 it will be noticed that in the period 
1890-1905 there was a steady rise in the number of papers on air pollu- 
tion produced each year. As Fig. 2 shows, most of the papers were devoted 
to methods for controlling the emisdon of smoke. When these contribu- 
tions are examined it is found that a great many of them were of the nature 
of " common-sense '* attempts to remove smoke, for 1890 was still the era 
of conmion-soise " ^gineering, during which, in Great Britain, truly 
amazing achievements in the textile industry, in railroad engineering and in 
^neral mechanization had been accomplished by men with no scientific 
training but abundant mother wit and trem^dous perseverance. This was 
the period in whkh the phrase " consume its own smoke " was largely used 
by engin^n, administrators and the public, without many of the users 
really knowing what the tenn implied. It an be s^ that a good many of 
the control systems which were developed depended on a belief that if 
smoke were to be h^ted to a sufficiently high temperature it would be " con- 
sumed *\ This belief was adhered to in spite of the fact that the chemical 
section of the report of the London Smoke Prevention Exhibition of 1883 
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(Frankland, 1883) had made a most exhaustive analysis of the nature of 
combustion and shown that not only a high temperature was needed but 
also a sufficient supply of oxygen. However, engineers in general were not 
in close contact with chemists, and there is an obvious time-lag between 
the thorough analysis of the chemistry of combustion and the beginnings of 
a sound application of this knowledge to designs for almost complete com- 
bustion. 

In the period before 1900, however, there were several noteworthy 
publications. Among these were five papers on damage to plants from sulfur 
dioxide, in one of which (Watson, 1899) workers in Kew (near London) 
remarked that damage can be prevented by deliberately retarding plant 
growth (causing the plant to rest) during a fumigation period — ^a fact 
which has recently been rediscovered in California. In another article 
(Ost & Wehmer, 1899) it is shown that the brown or red spots on the 
leaves of plants consist of air*filled collapsed cells — ^a finding which has 
been recently demonstrated in the ^ase of Los Angeles smog by Bobrov 
(1952). 

At this time also the original article in which Ringelmann (1898^ des- 
cribed his chart for estimating smoke blackne^ was published, and the first 
paper appeared describing a light-absorption method for estimating quan- 
tities of pollutant in fine particulate form (Fritzsche, 1898). Witz, writing 
in 1885, suggested that the increased sulfur dioxide in the air over Paris 
was responsible for a reduction of the ozone content of that air during a 
period of ten years (a theory which has again been advanced in Los Angeles, 
where the lack of sulfur dioxide has been thought to allow the building up 
of a high concentration of ozone and other oxidants). In addition, two 
papers described t^hniques for obtaining deposits of smoke on a revolving 
paper, in which it looks as if the principle of the thermal precipitator were 
being invoked {Stationary Engr, IS91; Thomson, 1892). 

Thus in this period, although there was a great deal of activity of a non* 
scientific type, including a proposal to suck fog through pipes laid in the 
streets and discharge it through large chimneys — strongly resembling a 
similarly foolish proposal made in Los Alleles in 1945— a great many 
fundamental principles concerning the origin, nature and dispersal of air 
pollutants had been stated with a certain amount of precision. 

1905-1915 

During this period interest in the effects of air pollution greatly increased 
and the graphs show that r^earch activity caught up considerably on tech- 
nical activity. A good deal of the medic^ interest was of a clinical and 
epklemiological nature, and, as can be expected, there were papers which 
contradicted one another, for opinions bas^ on clinical impressions cannot 
be very reliable. The general level of the medical discussion was that there 
were undesirable clinical effects from smoke, sulfur dioxide and other pol* 
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lutants, but there was no consensus of opinion that general city pollution 
was fatally toxic. However, there was one paper (5c/. Amer,, 1914 b) which 
claimed that cancer had a higher incidence in places where coal is used. 
During this period also a good many of the city surveys were undertaken in 
the USA in an attempt to find a basis on which to plan a smoke control 
system^ and a general survey of smokiness was begun in British cities. 

Activities in Germany were mostly in the direction of (a) assessing the 
damage done to vegetation by sulfur dioxide, for the purpose of establish- 
ing the compensation which was to be paid under the German laws governing 
damage done by effluents; and {b) studying the dispersal of gases from fac- 
tory stacks, though it would seem from a review of the titles of the papers 
that much of the work was done at the level of industrial investigation and 
was not carried to the stage of fundamental research. Consideration of 
possible harm to health through air pollution was apparently not given 
much attention in Europe. 

1915-1925 

During this period war, and the readjustment after it, caused a marked 
drop in the level of activity connected with air pollution. Almost nothing 
was written on the subj^t of the ejects of air pollution, and the few papei^ 
on methods of determination of pollution are all of American origin and 
mostfy of a review nature. 

In the section on control methods there is not much of interest, but three 
points may be noted: (a) it is clear that engineering thinking had realized 
ih&i the prevention of smoke emission from boilers is very largely a matter 
of correct design of the furnace and not of adding " smoke consumers " 
to badly functioning furnaces (Buell, 1923); {b) references to the use of 
powdered fuel and to the fly ash wh^ch it produces began to accumulate; 
and (c) in 1915 the report of the Seby Smelter Commission was published 
(Holmes, Franklin & Gould, 1915) and this is important because it is one 
of the eariier instances in which scientific assistance to a company whose 
effluent was a serious danje r to the surrounding country resulted in the 
r^very of sulfur as a by-f^roduct an^f in the installation of continuous 
recording instruments to kc^^o a constant check upon the sulfur dioxide 
concentration in the air round the smelter. Selby is also the owner of the 
highest stack in the world (650 feet, or about 200 m), as the result of an 
appreciation of the eflfect of high stacks in reducing the concentration of 
pollution. 

1926-1935 

In this period the most dramatic event was the Meuse Valley disaster, 
in which over sixty pei^ons were killed by polluted air (Firket, 1931; 
Haldane, 1931; van Leeuwen, 1931), and this triggered off activity through- 
out the worid. French works be^n to appear in the bibliographies, and the 
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dangers of air poUution were discussed in the French Chamber of Deputies. 
In the French papers published at that time there was considerable interest in 
the work being done in Great Britain and also in the USA, but there were 
almost no references to French writers in the past (with the exception of 
Bordas (Bordas, 1926; de Boissezon, 1927), who had worked in Great Bri- 
tain, the USA and Germany), so that it appears that very little ^ork had 
been done in France before that time. 

The German bibliography (Schwartz ct al., 1955) lists for this period ten 
articles on the effects of air pollution of whicit iive are on damage to human 
health, whereas in the period before 1925 almost all the papers listed deal 
with the eflFects of air pollution on vegetation. . 

Thus the medical scientists, who had been to the fore in the years before 
1890, but whose speculations at that time were based more on conjecture 
than on factual knowledge as to the sp^ific damage done by air pollution, 
were once again able to take a lead in directing interest to a subject worthy 
of very active physiological and clinical study. 

Work on methods of measurement of pollutants is represented by the 
statement of the British Department of Scientific and Industrial Research 
that a close relationship had been established between the solid content of 
a smoke-stack plume and the optical density of that plume, as measured by 
the Ringelmann chart or other instrument. This was a considerable advance, 
for ii gave the chart measurements an additional authority which was much 
needed. In the USA, a paper by Drinker & Hazard (1934) described an 
apparatus for the measurement of dust, consisting of a travelling trans- 
parent tape on to which the dust was blown through a nozzle, thus giving 
a permanent record. It is probable that the immense labour involved in 
examining such a tape is the main reason why this instrument has not been 
more used. Both in the USA and in Great Britain instruments were being 
developed for the measurement of smoke inside boiler flues, as a means of 
assisting in the control of stoking. In these two countries and in Germany 
attention began to be drawn to the dangers of the exhaust from internal 
combustion engines (Florentin, 1928; Sayers ei aL, 1929). At that time the 
emphasis was on carbon monoxide, for it was shown that concentra- 
tions of this gas in the streets of the larger cities often came close to 
the threshold of tolerance. In addition, a couple of papers appeared point- 
ing out that air pollution contributed considerably to the hazard of 
flying (Aldworth, 1930; Connolly, 1934). This is an important point and 
it is surpiicing that so little has been done by the aeronautical tech- 
nicians of the world to draw more attention to this aspect of air pollu- 
tion. 

This ten-year period started v^eil with research ^ork in the USA, but 
activity in Great Britain and other countries of Europe was reduced by 
unemployment conditions. An economic crash in the USA in 1928 had an 
adverse effect on research, and it is likely that the Meuse Valley incident 
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would have produced a much greater development of interest if economic 
conditions had been more favourable. 

1936-1945 

At the beginning of the period 1936-45 there was a noticeable increase 
in research and technical activity. Interest grew in the nuisance value of 
fly ash from boilers, and the "dust bowl " dust storms of central USA 
aroused considerable interest in silicious and other dusts as a public health 
hazard. The US Public Health Service undertook to make a nation* 
wide survey of the extent of city air pollution and started a survey of the 
smoke, soot and sulfur dioxide concentrations in the air of fourteen Ame- 
rican cities (Ives etal., 1936). The aftermath of the Meuse Valley disaster 
(six years before) produced at least four papers discussing the possible 
causes of the deaths which occurred, and the blame was laid on sulfur 
dioxide by some authorities and on fluorides by others. 

A monograph appeared on fluorine intoxication (Roholm, 1937), indicat- 
ing the industrial activities which produced fluoride efiiuents and describing 
the hazards to vegetation, animals and man. In 1937, two articles appeared, 
one emanating from France, on the production of aldehydes by internal 
combustion engines (Maillard, 1937; Pardee, 1937), in which it was shown 
that the aldehyde concentration in the exhaust was forty times greater during 
the deceleration period (with throttle closed) than it was during accelera- 
tion or normal running. In the following year four more articles were 
published on the same subject (Grunder & Rich, 1938; Maurin & Kling, 
1938; Pardoe, 1938; Roberts, 1938), and one of them indicated that similar 
effluents could be expected from oil-burning furnaces if the air supply was 
too great and incomplete combustion took place. Thus at this early date 
information was being collected which should have been of considerable 
value to the investigators ir4 Los Angeles ten years later* At this time (1937) 
the Department of Scientific and Industrial Research reported that the 
smokine^ of many cities in Great Britain had been markedly reduced by 
the depression, but the war which followed made conditions very much 
worse than they had been before. A Japanese paper described a photo-cell 
method of measuring the optical density of Alter papers containing parti- 
culate air pollutants (Kashiwai, 1938). This of course was not a new pro- 
cess except for the use of the comparatively new photo-cell, and it is doubt- 
ful if the Japanese publication advanced scieutiflc methods appreciably. 
The investi^tion of the massive sulfur dioxide emissions from the stacks of 
the Trail smelters in Canada (which produced considerable damage across 
the border in the USA) had begun in 1929, but a preliminary report was 
presented by the international commissim only in 1937, and it was not until 
1941 that a flnal decision was arrived at (Dean & Swain^ 1944). This scien- 
tific study of industrial pollution is historically important because it was 
the first case in which meteorological control methods were specifically 
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applied to industrial pollutarits^> the industry undertaking to shut down 
certain processes whenever the meteorological observations taken in the 
neighbourhood of the smelters showed that conditions were right for the 
production of atmospheric stratification and a resultant fumigation in the 
valley running south from the smelter stacks. 

The year 1942 is interesting for the appearance of a paper on the toxic 
effects of pollutants (Easton, 1942), in which it was suggested that the pre- 
sence of two pollutants, both in concentrations below the accepted tolerance 
threshold (or M.A.C.), could produce toxic effects because the effects were 
additive. This is not the first reference to synergistic effects with regard to 
air pollutants but it is certainly an early one. 

In 1943, Great Britain, in the midst of a total war, was still able to hold 
a conference to consider the claims of clean air in the reconstruction of 
British cities when the war should come to an end (National Smoke Abate- 
ment Society, 1943). In 1944 came increased interest in meteorological 
factors affecting pollution concentration (Fletcher & Smith, 1944), and the 
suggestion that the US Weather Bureau statistics would be of assistance 
to control authorities in the cities of the USA (Fletcher, 1945). lu 1945 
the Los Angeles Air Pollution Control Office, which had been working on 
sn:og control sin<» 1942, issued a paper on the various sources of sulfur 
dioxide, which was then thought to be the main cause of eye irritation 
(Swartout & Deutch, 1945). At the same time the report on the Lei- 
cester Survey in Great Britain, whose publication had been delayed during 
the war, appeared, drawing attention to the important part played by 
turbulence in the dispersion of pollutants from the air above a city 
(Great Britain, Department of Scientific and Industrial Research, 1945). 

In this period, according to the information available, German interest 
grew considerably, and twenty-eight papers are known of which contributed 
to knowledge of such mattei^ as dispersion of dust from stacks (L5bner, 
1937a), meteorological factors affecting dispersal of pollutants (Lettau & 
Schwerdtfeger, 1937; Roetschke, 1937), the measurement of sulfur dioxide 
(Miiller, 1941; Schepp & Frdmme, 1938), carbon monoxide (Bayer, 1938; 
Wirth & Mutttsch, 1940), and dust concentrations (Ldbner, 1937b). 

There is not much information on French activity except for a couple of 
papers on aldehydes from internal combustion engine exhausts, an article 
on smoke in Paris stating that 90 % of coal burned in Paris is used in 
domestic grates (Kling, 1938), and some medical discussions of the Meuse 
Valley disaster. 

1946-1957 ^ 

In this period research developed very rapidly, as is evidenced by the 
number of papers published and the variety of subjects studied. There was 
a sudden development of activity immediately the war ended, but it looks as 
if for some years the output of scientific and technical articles remained 
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Steady at about ISO per year. The number of papers is far too great for it 
to be possible to review all of them, but mention will be made of a few of 
the most interesting examples. 

The 1948 Donora disaster was a historic event and stimulated even more 
research than did the Meuse Valley disaster, but in addition it caused scien* 
tific interest in air pollution to develop in South Africa and Australia and 
in other young countries that were just arriving at the point where city 
populations had reached the level at which danger from pollution arises. 
The Donora disaster also stimulated a considerable amount of physiological 
and epidemiological research into the nature of the reaction of the human 
system to air pollutants, and work on this subject is progressing in many 
American universities and research institutes, and in a number of labora- 
tories in Canada, Great Britain and the continent of Europe. The past ten 
years has seen the development of several instruments for the measurement 
of pollutants, such as the American Iron and Steel Institute smoke sam* 
pier, the Cast air sampler, the Hi-vol air sampler, the Thomas autometer 
for gaseous pollutants, the titrilog, the Salzman reagent in a modified 
recording colorimeter for nitrogen dioxide, the infra-red carbon mon- 
oxide recorder, the mass spectrometer for the analysis of hydrocarbons, 
the rubber-cracking technique for the estimation of ozone, and the col- 
orimeter for oxidant determination. The work of this last period, however, 
deserves a section to itself 



The Modern Ers to Air P^rfhitioii Study tnd Control 

The year 1945 can be taken as the start of the modern era in the study 
of air pollution. First, it is the year in which general activity increased so 
rapidly that the number of publications appearing in 1947 was four times 
greater than in 1944. Secondly, by 1945 the Los Angeles smog, which 
first attracted attention about 1940, had developed to serious proportions 
and the Control Office, which had been established in 1945, was reorganized 
as a County Control in an endeavour to meet the crisis. Thirdly, in 1948 
the Donora disaster roused the US Public Health Service into intensive 
activity and convinced a very large percentage of the scientists in the USA 
that even if clear eviden<^ could not be presented that pollutants such as 
sulfur dioxide in low concentrations produced physical damage to the 
human body, there was at last proof that under some circumstances air 
pollution in the streets of a town could be accompanied by a death rate 
high enough to frighten public health officials. The London disaster of 
1952 confirmed this fact, but even before that date the whole tenor of air 
pollution research in the USA, Great Britain and on the continent of Europe 
had changed. Research activity was heightened, money grants for study 
and city control schemes were enormously increased, and a conviction 
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grew that the pollutants of the air in the modem era were not only smoke, 
sulfur dioxide, ash and the chemically known gases which are effluents from 
industries, but a number of substances which had never before b^n sus- 
pected to exist in the normal city atmosphere (and which possibly had not 
existed there before the year 1900). These substances, whose presence was 
first detected in Los Angeles, were thought to exist at low concentration in 
all modem cities, and the characteristic of air pollution study in the present 
era is a concerted effort to discover what the substances are, for until they 
are identified it will be difficult, even impossible, to remove them. In addi- 
tion, in about 1946 the realization had come that air pollution is an area 
problem, not a city problem. The control techniques therefore began to 
change from city units to county units in the USA, and the planners in 
Great Britain turned to national legislation as the only way of dealing with 
the situation. 

Thus it may be said that the years 1945 to perhaps 1953 were a time of 
mental reassessment of the whole problem of air pollution, while the years 
since then have been a period during which a move has been made to marshal 
the forces of all the branches of science into a concerted attack upon what 
is now realized to be a proLiem concerned with highly complex organic 
chemical reactions and a multiplicity of physiological reactions produced 
by the chemical by-products. 

It has been realized that there are a number of fields which need to be 
explored, and work has been developing very intensively under the following 
headings: 

(1) The development of instrumentation for the continuous recording 
of the many parameters (ozone, aldehydes, oxides of nitrogen, oxides of 
sulfur, oxides of carbon, hydrocarbons, etc.) which need to be studied. 

(2) Studies of the chemical composition of the atmospheres of large 
cities with a view to finding out which gaseous compounds are common to 
all cities, or at least to many cities, and which are peculiar to some cities. 
In this work the mass spectrometer and the infra-red spectrometer have 
been the most valuable tools, the one assisting the c^her. 

(3) Attempts to unravel the complex chemical reactions which apparently 
give rise to the type of pollutant that causes the eye-irritating smog^if^ 
Los Angeles. This problem is being approached both by the synthetic 
method, in which compounds are produced and their biological eflFects are 
tested, and by the analytical method, in which attempts are made to separate 
out of normal air some component which will produce specific biological 
effects. 

(4) Toxicological studies of the effects of various materials, particulariy 
ozone, on animals, and population studies in which attempts are made to 
correlate general population symptoms with the rise and fall of various 
factors in city air. Here of course the industrial hygiene experts are coming 
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into even closer contact and co-operation with the workers on air pollution 
than they did before, and it is only too obvious that air pollution studies are 
an extension of industrial hygiene. 

(5) Meteorological studies to develop a sound knowledge of the nature 
of air movement in the first few hundred feet above a city, the mechanism by 
which pollutants are dispersed above a city and the sort of measurement 
which will most reliably indicate what degree of dispersal rate is in process 
at the time of the measurement. 

(6) Study of damage to vegetation as a means both of learning how the 
damage takes place and of being able to use specific plants as a form of 
instrument to indicate the degree of pollution which is present at any time. 

(7) Development of methods for the control of effluent from all types of 
industry and all processes which may produce effluent, including domestic 
burning of coal, and burning of petrol in private automobiles. 

The first attempt to marshal scientific manpower in the USA was the 
government-sponsored technical conference on air pollution which was held 
in Washington in 1950 (McCabe, 1952). Another is represented by the 
national air pollution conference which were sponsored in California 
by the Stanford Research Institute in co-operation with the California 
Institute of Technology, the University of California, the Univereity of 
Southern California, the Air Pollution Control Association and the Air 
Pollution Foundation (National air pollution symposia, 1949^ 1952, 1955). 

The most important move was the decision by the US Federal Govern- 
ment in-1955 to vote five million dollars annually for the promotion of 
research on air pollution, and its administrative action in establishing a 
research division on air pollution at the Robert Taft Sanitary Engineering 
Center, Cincinnati. This move has produced a marked increase in research 
activity throughout the USA and has enabled the Robert Taft Center to 
act as a clearing-house for ideas about research projects and for the pooling 
of the results of research. The British authorities have been strong in urging 
that there should be a pooling of effort and of results, for they have^realized, 
as have all workers in this field, that the development and the discovery of 
the complexities of air pollution are just an indication of a new factor in 
society which has developed as a result of the technical advance of mankind. 
In Great Britain, because of its small size and high population density, 
research has been fairly well co-ordinated for some considerable time, so 
that the move to establiatelose relations with the American workers is a 
natural development 

Another subject of study which has been considered in this reassessment 
of the problem is that of the spread of radioactivity as a result of the explo* 
sion of nuclear weapons. This is a specialist department of air pollution 
research which is at present being handled by departments of the atomic 
energy organizations of the various countries, but it is very apparent that 



HISTORICAL REVIEW 



33 



with the development of nuclear energy for industrial purposes the whole 
subject of the dispersal, monitoring and control of radioactive effluents will 
have to become the province of scientists concerned with air pollution in 
general. It is not surprising, therefore, that more and more papei^ con- 
cerned with this aspect of air pollution are being published, and that in the 
co-ordination of research on au pollution, radioactive pollutants arc being 
givep serious thought. 

The following references arc indicative of the type of work which is being 
done in these different directions: Beckman & Co., 1955; Billings, Small 
& Silverman, 1955; Bobrov, 1955; Cadle & Ma^ll, 1951; Qeeves, 1953; 
Eichfelder, 1955; Eiseabud et al., 1949; Gucker, Rckard & O^Konski, 1947; 
Haagen-Smit, 1952; Hew^n, 1951; Hueper, 1954; LaBellc et al., 1955; 
Littman, 1956; McCabe, 1956; MagiU et al, 1950; Noble, 1955; Patton 
& Lewis, 1955; Shepherd et al, 1951; Sherlock & Stalker, 1941; Sinclair 
& UMer, 1949; Sutton, 1949; Sutton, 1950; Tebbens, Thomas & Mukai, 
1956; Thomas & Ivie, 1946. 

Conments on the History irf Air Pdhttlon 

At the end of this review of the history of air pollution it mig)it be of 
value to comment on the factors of importance which seem to emerge from 
the study. 

(1) The first comment is that air pollution is a subject which seemed to 
be rather simple at&st sight, but which hjs been found to be more and more 
complex as it has been exfrfored. Not only is it now known that the oxidant 
type of pollutant which is associated with what might be called a " hydro- 
carbon economy " is extremely complex in nature, but it is beginning to be 
suspected that the reducing type of pollution— referred to in general as sulfur 
dioxide— is also very complex, a supposition which could account for the 
fact that concentrations which used to be thought of as quite harmless have 
been shown to cause considerable injury to health. 

(2) The result of this complexity is that though it is fairly easy to obtain 
generalized information about air pollution (the British invcstigatoi^ pined 
extremely valuable information with apparatus^.costing not more than £4?>, 
or US $112.00) the cost involved in taking the next step inwards towards 
the heart of the problem rises out of all proportion to the amount of infor- 
mation obtained. 

(3) The preceding two statemenU lead naturally to the observation 
that a great many of the research projects which have been instituted during 
the last sixty yeare have product inconclusive results (a) because the 
design of the experiments was inadequate for the problem, or (b) because 
the experimental and or^nizational structure was deficient, owing to the 
fact that the funds available were quite insufficient fo** 3 task in hand. 



34 



E. C. HALUDAY 



(4) It is noticeable in studying the history of air pollution that there has 
been a tremendous amount of repetition of experiments, discoveries and 
observations. This means that the waste of effort on the research side has 
been enormous, but it is not at all certain that effort has been wasted on the 
social side. It is quite evident that the implications of air pollution to society 
in the spheres of health, amenity, comfort, andstrai^t cost have never been 
clear to the conimunity in the past sixty years, in sfMte of the efforts of control 
associations. Thus die continual production of scientific review articles 
giving a general idea of the issues involved in air pollution has rendered a 
very valuable service in forming in the public mind a desire to deal with the 
protdem, a realization that it can be d^t with, and a willingness to supply 
the funds whidi are necessary to deal with it. Notwithstanding this consoling 
thought, however, in many cases the pooling of m<Hiey and of workers could 
have produced experimental projects which would have reached a conclusive 
end-point; instead one is Idl with tantalizing suggestions of what might 
have been found if on^ something had b^ done better. 

(5) The next conunent is that it is very ne(^s$ary for workers on the same 
subject in different cities, let alone in different countries, to have a common 
basis of understanding. In the past, varying tests for the same factor have 
been used, and it has been imp<^ble to compare the work of one research 
group with that of another because the units were not the same, the techniques 
were different and conversion factors could not be applied. Thus the result 
obtained in one area could not help to achieve an advance in another 
area. This has b^n appreciated by most students of the subject, and there 
is no lack of willingness to pool results and make the pooling as simple as 
possible. 

In this connexion the report of the Air Pollution Planning Seminar 
which was held in Cincinnati in December 1956 should be cited. A great 
* many of the issues which have been raised above were considered in that 
seminar and the 176 pages of the report are full of quite fascinating and most 
encouraging reading (US Department of Health, Education, and Welfare, 
1956). 

(6) It is no longer po^ible to think that any county, which is not still to 
be described as having a purely agricultural economy, can afford to be ignor- 
ant about air pollution. Such pollution as is observable in the cities of the 
world may be slight where populations are small and techniques are not 
highly developed, but there is no hope that the concentration levels will 
remain low. As industrial development takes place, pollution will have to 
be controlled, and a country can ill afford to be without the services of men 
trained in the investiption and the control of pollution in the air. 

(7) Finally, it has been amply proved that air pollution cannot effectively 
be controlled by placing the control in the hands of the public health 
organizations of a city, a state or a country. The requirements are diverse 
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and complex and a team of trained minds is necessary. Medical, physical, 
chemical and engineering abilities are needed and must be supplied if the 
job is to be done effectively. 

Thus well planned eflfort is required in every country of the world (the 
level of the effort adjusted to the level of social development), and there is 
a great need for these national efforts to have a considerable measure of 
coherence, so that advance on one front can immediately be used to makw 
easier thcwork on all other fronts. The beginnings of such an approach are 
very evident, and it is worthy of much time and thought to make this ap- 
proach world wide. 
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THE IDENTIFICATION 

OF THE AIR POLLUTION PROBLEM 



There are many reasons for the interest that has developed during the 
past ten years in the various aspects of air pollution, but foremost among 
them are the dramatic incidents in which fatalities have occurred (namely, 
the disasters in Donora in 1948 and in London in 1952); the Los Angles 
air pollution problem, unique in its own right, but with overtones of broad 
significance; the hazards of radioactive fall-out; public concern with the 
chronic effects of air pollution; the development of industry and the ^owth 
of communities, which proauce more air-borne wastes; new kinds of pollu- 
tion, or well-known contaminants released in new places; widespread 
rebuilding of blighted city areas; prosperous times which embrace clean- 
liness as one of the good thinp of life; better science an^ engineering and 
improved control equipment. 

Air pollution now interests workei^ in such divene prc^essional fields as 
the physical and biological sciences, engin^ring, public health and the law. 
The United Stat^ Technical Conference on Air Pollution in 1950 (McCabe, 
1952) convened separate sessions on agriculture, analytical methods and 
properties, equipment, health, instrumentation, legislation, and met^ro- 
logy. Why is there this great diversity of interest? The answer lies in the 
very complexity of the problem. In any air pollution situation the first 
requirement is to know what standa^is of air cleanliness are to be main- 
tained. Why is it necessary or desirable to maintain these standards— for 
health reasons or to eliminate a nuisance ? If smoke is the proUem, is a 
change in the type of fuel necessary and what will this cost ? If hydrocarbons 
and the oxid^ of nitrogen are responsible for eye irritation, crop damage 
and limited visibility, what are the levels and relative concentrations 
responsible and what steps can be taken to chanp the uncta-lying che- 
mical reactions? Are grab sample measurements adequate for evaluation 
or must there be instantaneous and continuous records ? Are instruments 
available or must they be developed and standardize ? If automobHe and 
Diesel exhausts prove to be a major cause of the pollution, is auxiliary 

* Prefident, Resources Research, Inc., Waihingtoa, D.C, USA. 
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control cquijmicnt available, how much will it cost to install remedial 
equipment, and docs the constituted authority have the power to require 
it? Foremost, what is meant by air pollutioHT 

A typical legal (tefinition of air pollution is: The presence in the outdoor 
atmosphere of substances or contaminants, put there by man, in quantities 
or concentrations and of a duration as to cause any discomfort to a substan- 
tial number of inhabitants of a district or which are injurious to public health, 
or to human, plant or animal life or property or which interfere with the 
reasonable, comfortable enjoyment of life and property throughout the 
state or throughout such territories or areas of the state as shall be affected 
thereby (Oregon Revis^l Statutes, 1956). The American Medical Associa- 
tion's Council of Indi^trial H^th has defined air pollution as the excc^ive 
con(^tration of foreign matter in the air which adversely affects the well- 
being of the individual or causes damage to property (American Medical 
Association, 1949). Another definition, which includes natural as well as 
man-made pollution, is as follows: Air pollution is any atr-bome substance 
which is neither water in any of iu phases nor a component of dry air. 

These definitions have wide latitude of application and may be interpre- 
ted to pennit either sensory recognition or physical m^urement of the 
pollution. Berth methods of identification are widely used and both have 
their strength and thdr weakne^^. Usually the firet awarene^ of an air 
pollution problem is through some effect on the individual. There are strong 
or unusual odours, visibility is limited, there is eye irritation, the of grit 
under fool, or an acid taste in the mouth. These arc highly subjective 
phenomena but are no tess useful in the identification of the air pollution 
problem because they vary with the individual. In the case of odours, no 
better means of e^luation is known than the sense of smell of trained 
observers (McCord, 1952). While sensory perception may prowde the first 
indication of the presence of most contaminants in the atmosphere it is often 
not possible to detect trace quantities of many air-borne toxic substances 
or the presence of rsNlioactive matter through the senses. Their identifica- 
tion reqmres physical measurement. 

In Los Angeles a medical and scientific group reconunended allowable 
concentrations for a small number of specific compounds in the community 
atmosphere (McCabe, 1955). LimiU were established for oxides of nitro- 
Scn, ozone, sulfur (fioxide, and carbon monoxide. These limits in i»rts per 
million of air were adopted and have been in force sinot 1955 (Table 1). 
The warning level has been reached ozone and approached by the oxides 
of nitropn during heavy smop. 

This is not the first attempt to set limits for air pollution, however. 
Swain« in 1910, suggest^ an hourly average of 1 p.p.m. for sulfur dioxide 
measured at ground level as the maximum permissible discharge for smelters 
in farming areas (Swain, 1949). About twenty years ago, the Trail smelter 
set up an operating regime to prevent sulfur dioxide dama^ to crops in the 
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TABLE 1 

MAXIMUM ALLOWABLE CONCENTRATIONS OF AIR CONTAMINANTS 
IN LOS ANGELES 



PoNtttanc 


MiximMfli allowibt« cofiMiKrttien <p.t.m.) 


Wsming 


Alait 


Dtfifw 


Oxides of nitrof en 


3.0 


S.0 


10.0 


Ozone 


0.S 


1.0 


1.5 


Sulfur dioxide 


3.0 


5.0 


10.0 


Carbon monoxide 


100.0 


200.0 


300.O 



Columbia River Valley (Dean & Swain, 1944). Plants sensitive to sulfur 
dioxide can stand prolonged exposures of 0.2-0.3 p.p.m. mthout any appa- 
rent effect. A limit of 0.5 p.p.m. is generally accepted as the maximum 
allowable sulfur dioxide concentration for sensitive f^ants during the grow- 
ing season. 

The oldest and best known effort to apply an objective measurement to 
air pollution was made by Maximilian Ringelmann about the turn of the 
century (Kudlich, 1955). The chart which bears his name was introduced 
into the USA in 1908 and is the basis of smoke evaluation in many ordinances 
in that country. It has served very well as a reference in reading smoke 
density or training individuals in the observation of black smoke. 

These examples represent some of the attempts at an exact definition of 
air pollution. In fact, the Los Angeles maximum allowable concentrations 
are admittedly experimental and the Rin^lmann chart has its limitations. 
It may be concluded that like many other facets of air pollution, if definition 
were easy it woukl have b^ agreed upon long before now. As research 
progresses there will be more exact definition of polluted air, but at present 
it is defined with considerable variety and some trepidation. 

Identification and classification of air pollution arc important to under- 
standing and control. Exclusive of pollen, fog and dust, which arc of natural 
origin, about 100 contaminants have been identified. These fall into the 
relatively small number of types listed in Table 2 (Rupp, 1956). 



TABLE 2 
AIR CONTAMINANTS 





Solids 

Sulfur compounds 
Orginic compounds 
Nitrogen compounds 
Oxygen compounds 
Naki^en com^'iunds 
lUdioaccive compounds 


Cerbon fiy ash, ZnO, PbCb 
SOf , SO9, HsS, merceptSAS 
Aldehydes, hydrocarbont, urs 
NO. N0«. NHs 
Oi, CO. CO. 
HF. HO 

Radioactive gues, aerosols* etc 
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The Committee on Air Pollution of the American Medical Association 
reported to the Ninth Annual Congress on Industrial Health (American 
Medk&l Association, 1949) that since the general interest in the subject of 
air ollution had been but recently manifested and because too few attempts 
had been made at a scientific approach to a solution, the findings of the Com- 
mittee should be liir't^ for the present to the following general statements 
and observations: 

( 1 ) Air pollution means an excessive atmospheric concentration of foreign 
matter that may adversely affect the well-being of any person or cause damage 
to property. 

(2) Aside from a few specific but dramatic i " ..tees there is a lack of 
scientific cvklcncc that air pollution seriously injures health. However, if 
the World Health Organization definition of health is accepted— that is,** a 
state of complete physical, mental, and social well-being and not merely 
the absence of disease or infirmity " — then air pollution does have public 
health implications. 

(3) Air pollutants are of two types: those which affect health and those 
which are not known to have such an effect. In our present state of know- 
ledge, most air pollutants are of the latter type. 

(4) There are concentrations of air pollutants which, while they may 
not be health hazards, are nevertheless intolerably annoying and dis- 
agreeable. A health hazard need not be demonstrated to establish the need 
for control of air pollution. 

(5) Air pollution should be reduced to that practical level which may be 
attained by the ^implication of modem science and technology and which 
strikes a balance between industry's right to reasonable operation and the 
community's demand for a decent living environment. 

(6) Efforts should be made enlist the co-operation of industries so that 
studies of their effluent may be undertaken in order to determine acceptable 
standards for effective limitation of air pollution, and to provide a technical 
basis for the design or modification of existing and new equipment. 

(7) Scientific knowledge is r^nerally available for developing acceptable 
methods of measuring air pollution. However, there is a need to develop 
standard procedures for sampling and for assessment of the dusts, aerosols 
and gases in the atmosphere so that comparisons between different areas 
may be made. 

(8) In many instances sufficient engineering knowledge is available for 
the design of equipment and processes to treat atmospheric industrial waste 
and to remove its objectionable constituents. 

(9) It is felt that in our present state o^d^rled^ the appraisal of nuisance 
intensity cannot be made on an absoliSefasis but that a useful appraisal 
can be made on the basis of comparison. 
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(10) The public programme of air pollution should be carried out by 
personnel - '«th adequate scientific training and experience. Depending on 
the peculiarities of the local problem, the requirements of personnel may 
include such skills as those of chemists, engineers, meteorologists and 
physicians. 

(11) What the function of the physician should be in studies of air pol- 
lution and control is not yet clearly defined. Despite the fact that air 
contaminants are often nuisances rather than toxic agents, there is great 
need for intelligent medical opinion based on research and for dissemination 
of factual data. 

(12) It is the feeling of this Committee that, although certain funda- 
mentals may be inherently common to all air pollution control ordinances, 
they cannot be made to apply universally, because of differences in muni- 
cipal development, topography, meteorology and other related factors. 

Five years ago a report^ to the National Research Council Committee 
on Sanitary Engineering and Environment in the USA commented on the 
health aspects of air pollution as follows : 

The question of the role of air pollution on the health of a community is so involved 
that the - b '^f answering it seems almost insurmountable. Even from the standpoint of a 
relatively ^ vcre short-time exposure the answers do not come easily. This is borne out 
by the fact that the intensive study of the so-called Donora incident failed to rcv^l 
conclusive answers to all of the questions which were raised. This can be attributed in 
a large measure to the fact that investigations of such occurrences tidce place after they are 
ove- and not while they arc going on. The general conclusion of the Donora study was 
that no single polluting agent was present in sufficient quantity to account for the effects 
on the population but that apparently some combination of contaminanU occurred which 
was responsible. Bearing in mind the difficulties in studying these effects of a severe 
short-time occurrence it is possible to visualize the problem of evaluating the more 
nebulois effects of long-time exposure to much smaller amounts of contamination. In 
the latter case, one has much more opportunity to study the contamination itself and in 
this phase of the work considerable progr^ is being made. 

An answer to the question of the relation between air pollution and chronic disease 
must be found beuiuse of the many indications that a polluted atmosphere is not conducive 
to the best of health. The greatest need today is lor some type of co-ordination of the 
f-any widespread activities which are now going on. There are many outstanding invttt- 
igattons being conducted in specific related fields, but there is no evidence of any fully 
co-ordinated study o." the health of contmunities having an air pollution problem . . . 
It is obvious that a determination of the role of atmospheric pollution in affecting the 
general health of a population Is going to require a tremendous amount of painstaking 
and costly research over a long period of time. 

Topographic and meteorological factors are important in any scheme of 
air pollution control. If cities could be planned with this in mind there 
would be less objectionable air contamination, but this is rarely possible. 
Favourable weather conditions may permit the release of air pollutants in 
one area which cannot be tolerated under less favourable conditions in 



< Unpublished mimeographed report. 
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another place. Topography has an important bearing on whether wastes 
discharged into the atmosphere will accumulate in objectionable quantities. 
Valleys crowded with industrial activity are noted for their smogs and 
were it not for the advantages of transportation and water supply, they 
would be avoided as industrial sites. 

Normally, for every 1000 feet (300 m) abov? the earth the temperature 
of the air drops about 3.3* F (about 1.8** Q. Frequently radiation of heat 
to outer space from the earth's surface at night upsets this normal lapse rate 
and a dense cold stratum of air at ground level becomes overlain by lighter, 
warmer ain When such an inversion occurs the buoyancy of the air is 
destroyed and pollution concentrates in the denser air at ground level. This 
is of frequent occurrence in the autumn and winter months and the accumu- 
lation of smoke and other contaminants further aggravates the pollution by 
preventing the sun's rays from warming the ground and adjacent air. Fog 
is commonly associated with inversions because the temperatuie of the^air at 
ground level has fallen below the dew point of the water vapour in the air. 

In the Los Angeles area the inversion layer is very resistant to turbulence 
and acts to hold the pollution near the ground. Visibility is greatly restrict- 
ed at times of low inversion and contaminants are at a maximum. This 
brief reference to the meteorological phenomena of the Los Angeles area is 
to point out the need for fundamental data on air pollution control. De- 
tailed meteorological information is not available for many areas but it is 
essential to a successful air pollution programme. 

The economic effects of air pollution are more readily appraised than 
are the health eflfccts, and the response of animals and pjants to certain 
contaminants can be observed and measured. The deleterious effects of air 
pollution on fabrics, metals and buildinp represent a significant loss of 
money and resources in every metropolitan area. There is growing concern 
about the effects of air pollution on the operation of airplanes and ground 
transportation (Ingram & McCabe, 1957). 

Sulfur dioxide, hydrogen fluoride and oxidizing smogs containing 
ozone and organic peroxides are the most common air contaminants that 
affect plants (Thomas & Hendricks, 1956). Several other compounds, parti- 
culariy mercury, ammonia, chlorine, hydrogen sulfide, carbon monoxide and 
the growth-regulating substances which are used as herbicides, may cause 
injury to plants when present in the atmosphere. When toxic concentra- 
tions are present the more highly sensitive plants may be useful in monitoring 
the pollution. While plants are good indicators of certain atmospheric 
impurities there may be similarity between natural diseases and chemically 
induced symptoms. Therefore the greatest care must be exercised to avoid 
errors when using them as control or monitoring devices* 

During the past ten years fluorosis has developed in cattle in the USA 
in regions where the air is contamined with fluorides, particulariy when in 
the form of hydrofluoric acid gas (Phillips, 1952). Symptoms first appear 
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in the teeth and then affect milk production. Eventually the cattle lose 
weight, there is a reduction in the rate of growth, and the bones develop 
symptoms which arc easily diagniised. It is possible that the size of the 
particle taken into the system is a factor in the assimilation of fluorine 
compounds. If feed containing the contaminant is removed when the first 
symptoms appear in the teeth, the animal will recover and may show no 
further signs of fluorosis. When ingestion of contaminants has gone far 
enou^ to cause overgrowth in bones and knee joints, cattle will not recover 

from fluorosis. u j • r 

Fluorides are released into the atmosphere during the reduction ol 
phosphate fertilizers, the reduction of aluminium, the smelting of some ores, 
and the manufacture of clay products. Where damage to plants and live- 
stock has occurred mechanical equipment has been widely introduced to 
control the effluent. 

In a study made in 1955 it was estimated that there were 9500 communi- 
ties in the USA which have local air pollution problems, and of these, 2050 
have specific legislation concerning air pollution (Stern, 1955). Legislation 
seeking to abate air pollution may be divided into two general classifications 
—namely, punitive ordinances which seek to eliminate air pollution by 
punishing those discharging contaminants into the air, and regulatory 
ordinances which seek to abate air pollution by preventing the discharge of 
contaminants into the air. 

While air pollution due to smoke is usually the most common pollution 
problem faced by our cities, gases, fumes, acids and other industrial by- 
products, as well as automobile exhausts, likewise contribute, and their 
discharge into the atmosphere is a matter of statuto.7 regulation and 
control. Many large metropolitan centres have attempted to solve their 
smoke problems by punitive ordinances, but the concept of air pollution is 
no longer confined to smoke, and the trend of regulation is to attack the 
problem at its source, rather than to rely exclusively on the punitive provi- 
sions incident to the exercise of police power to abate nuisances. 

For example, in the city of Baltimore, smoke ordinances enacted in 1927 
were amended in 1956 to regulate and control the pollution of the air within 
the city limits by the creation of a Division of Smoke Control under the 
supervision of a Smoke Abatement Engineer (Baltimore City, 1956). The 
ordinance prohibits the emission of smoke of a density as great or greater 
than No. 2 on the Ringelmann chart for more than nine minutes in any 
hour prohibits the emission of dust or fly ash where the quantity of solids 
excels certain defined limits, and prohibits the sale, use or consumption of 
solid fuel which does not meet the standard of a smokeless solid fuel. A 
system of permits is established for the installation of new fuel-burning 
plants and the reconstruction or remodelling of existing fuel-burning plants, 
based upon the submission of plans to the Smoke Abatement Engineer. 
Operation of the fuel-burning equipment in violation of the ordinance may 
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result in the sealing of the equipment or the imposition of fines. Provision 
is made for appealing to an Advisory Board against decisions, rulings and 
orders of the Smoke Abatement Engineer. 

However, as was discovered by the city, and then by the county, of Los 
Angeles, air pollution does not respect political boundaries, and the enact- 
ment of statutes, rules, regulations and codes by a metropolis are of no 
effect if the air contaminants of a neighbouring community, borne by the 
vagaries of the wind, or confined by topographical and meteorological con- 
ditions, are spread over an otherwise regulated community. It has become 
increasingly evident that the control and abatement of air pollution is not a 
narrow local problem, but one which calls for country-wide, state-wide or 
interstate regulation and co-operation. 

The states of California, Delaware, Florida, Kentucky, Massachusetts, 
New Jersey, New York, Oregon and Washington have enacted legislation 
seeking to control air pollution. Regulations promulgated under such legis- 
lation place the emphasis on using fuels efilciently so as to avoid the produc- 
tion of smoke and fumes, and cn preventing the emission of solids, gases, 
liquids and vapours by requiring that equipment designed to accomplish 
this be installed and operated efSciently, rather than on purely punitive 
measures or the imposition of fines. The elimination of the causes of air 
contamination rather than the abatement of a nuisance appears to be the 
goal of present-day legislation. 

In the USA the only federal legislation in connexion with air pollution, 
other than statutes applying peculiarly to the District of Columbia and the 
city of Washington, is the Air Pollution Control Bill (United States of 
America, 84th Congress, 1954), which authorizes the Surgeon General of 
the Public Health Service to conduct research programmes for the elimina- 
tion and reduction of air pollution in co-operation with federal agencies, 
state and local governments, air pollution control agencies and other public 
and private agencies. 
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THE ROLE OF METEOROLOGY 
IN AIR POLLUTION 



Introdttction 

The atmosphere is the medium in which air pollution is transported away 
frcm the source and, for a given source strength, its actions govern the length 
of time, the frequency and the concentration to which any receptor will be 
exposed. On the other hand, meteorology plays only a limited part in 
the control or elimination of air pollution, sinw, basically, it does not affect 
the source strength of the pollutants emitted and since the fundamental 
atmospheric processes which govern the dispersion of material are not now 
subject to control or modification. There are three ways to correct an air 
pollution problem: (a) eliminate production of the waste; (b) install equip- 
ment to collect the waste at its source; (c) obtain better dispersion of the 
material in the atmosphere. 

Granted that the ultimate elimination of air pollution h ^trough control 
of the source, the practical problem is one of balancing the economic cost 
of reduction of pollutants against the amount of reduction that is r^uired 
to achieve acceptable levels. This amount of reduction for a fixed source 
strength is directly a function of the meteorological conditions and their 
variation in time and space over the area of interest. 

The basic parameters governing the transport and dilution of conta- 
minants by the atmosphere can be described qualitatively and scmi-quanti- 
tatively. Such data permit the intercomparison of various geographical 
locations and/or the determination of the frequency of occurrence of 
rapid or slow atmospheric diffusion. The predominant characteristic of 
the atmosphere is its unceasing change. Temperature, wind and precipi- 
tation vary widely as a function of latitude, season and surrounding 
topography ; and these general variations are well known and rather well 
documented. 



* Director of Metrarologkal Researcb, Uait^ ^tttes Weather Bureau, Washington, 

ac, USA. 
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Less well known, and certainly less well documented, are other important 
meteorological parameters which are useful as indices of air pollution— 
namely, turbulent structure of the wind, low-level temperature and wind 
gradients. These parameters show large variations both in time and in 
space. In fact, they are uimost the only meteorolo^cal factors that may have 
been materially affected by man, and even then only locally. 

Atmospheric pollution, although usually thought of as the product of 
industrialization, includes not only the substances released by industrial 
activity but also natural pollution resulting from volcanoes (Wexler, 1951), 
dust storms (Warn, 1953), ocean spray (Holzworth, 1957), forest fires 
(Wexler, 1950), natural pollen in spores (Hewson, 1953), etc. Evaluation 
of the physiological effects of natural contaminants may often be easier than 
evaluation of the effects of complex industrial contamination. The character 
and often the source of natural contaminants are usually better known. 

In order to appreciate the role of the atmosphere as the diffusing agent, 
it is necessary to review the physical nature of the processes contributing 
to the dispersion of material by the atmosphere and the effects of non- 
meteorological elements, such as topography and geography. 



Air Flow 

The fundamental parameter in the movement of contaminants by the 
atmosphere is the wind, its speed and direction, which in turn are inter- 
related with the vertical and horizontal temperature gradients in the atmo- 
sphere, both of large and of small scale. Essentially, the greater the wind 
speed, the greater is the turbulence and the more rapid and complete is the 
dispersion of contaminants in the atmosphere. Since temperature gradients, 
both horizontal and vertical, increase during the winter season, the speed 
of the wind flow is generally increased. This is particularly true in tempe- 
rate and polar latitudes but less marked in the tropics, where the seasonal 
variation is small. However, occasionally in winter prolonged periods 
of little or no air motion may occur, particularly in the interior of large 
continental land masses. A study* of the frequency of prolonged periods 
of light air-flow east of the Rocky Mountains in the continental USA 
shows that such situations occur most often in late spring and eariy 
auiumn. For a considerable portion of Europe (Jalu, 1955), light winds 
occur in late autumn and early winter. In addition to the seasonal change, 
in many locations there is a diurnal change in wind flow whiclFmay be even 
more mark^. At most continental locations, it is usual that the night 
hours are periods of low-level stability. As a result of the effects of negative 
buoyancy and the increased energy required for vertical motions, pollutants 

» "Otmatology of stagnating anticyclones east of the Rocky Mountains in the United 
States for the period 1936-56", by h Korshover (unpublished MS.). 



ROLE OF METEOROLOGY 



51 



disperse slowly and may be confined in relatively small volumes. The con- 
current light, variable wind may even result ta a return flow of material 
across the original source. In contrast, the daytime winds are apt to be 
more turbulent, of higher speeds, and the vertical motions are enhanced, 
so that the maximum dilution of material occurs on clear, sunny days. 

The local winds may differ markedly from the general air flow that 
characterizes the region. Along the coasts of continents or of the larger 
lakes, the temperature difleremial between the land and water is sufficient 
to establish local circulations from the sea to the land during the day and 
from the land towards the sea during the night (Picrson, 1950; Schmidt, 1957). 
In the temperate latitudes, these sea-breeze regimes are well marked only 
during the summer, and are masked by the general wind flow during the 
other seasons. However, in tropical and subtropical areas, they may be the 
dominant weather pattern and occur with almost clock-like regularity from 
day to day. 

In addition to the sea-breeze regimes of coastal areas, the topography of 
an area, either that of the pollution source or that of the targets, may be 
extremely important. It should be noted, however, that a restrictive topo- 
graphy is not a necessary condition for extreme pollution levels if the source 
strength is sufficiently high. The best examjries of this are the recurring 
London smog episodes, in which topography plays little or no part. 
However, with the exception of the pollution episodes in London, all major 
pollution disasters reported have occurred in areis where the air flow was 
markedly restricted by terrain (Firkct, 1936; US Public Health Service, 
1949), so that the flow was persistently and continuously channelled to a 
single direction or confined in a relatively small area. Within a fairly nar- 
row valley, the characteristic daily wind pattern is a flow up the valley and 
up th^ slopes in the daytime, owing to solar heating, while just before or 
just after sunset, the wind revei^s, flowing down the slopes and into the 
valley (Defant, 1951). Contaminants released within the valley may be 
effectively trapped within a small area for long periods (Hewson & Gill, 
1944). In addition, the shielding from the effects of general circulation 
patterns afforded by the valley walls will result in lower wind speeds in the 
valley floor than wouki be the case in comparable level terrain. The local 
up-slope and down-slo|^ flow in valley regions may occur almost daily at 
some locations, but in others it is an exceptional phenomenon observed 
only on occasion. The existence of local flows and their variation in time 
is one of the major reasons why detailed studies of individual areas are 
required to delineate comprehensive air pollution regimes (Holland, J953). 
These small-scale flows cannot be detected easily or with certainty from 
existing conventional meteorological networks. 

In addition to the variation of wind flow in the horizontal and with time, 
there is usually a marked difference in wind flow in the vertical. The 
roughness of the earth's surface, whether natural or man-made, induces 
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mechanical turbulence, which decreases with altitude. Moreover, the heat- 
ing of the earth by the sun induces thermal turbulence, which is at a maxi- 
mum near the surface and decreases with altitude. The net result is a 
decrease, in the vertical, of the gustiness of the wind and a consequent 
decrease with increasing altitude In the rate of dispersion of contaminants 
(Magill, Holden & Ackley, 1956). 

Turbulence, or eddy motion, is the mechanism by which effective atmo- 
spheric diffusion is achieved. Hence, the study of the spectral distribution 
of eddy energy, now being investigated on a much more intensive basis 
(Panofsky & McCormick, 1954; Van Dcr Hoven, 1957), has important 
implications in the matter of dispersion of air poUution. The total turbu- 
lence consists essentially of two components — mechanical and thermal tur- 
bulence. Mechanical turbulence is induced by the movement of wind over 
the aerodynamic rough surface of the earth and is {proportional to the rough- 
iiess of the surface and to the wind speed. Thermal turbulence is solar- 
induced and is a function of latitude, the radiating surface and the stability 
of the atmosphere* It is at a maximum during the summer on clear days 
and at a minimum during the long winter nights. It has not been common 
to measure directly the effects of solar radiation on the thermal turbulence, 
but rather to infer the effects from measurements of the vertical temperature 
gradient. When the vertical temperature gradient of the lower atmosphere 
is greater than the adial^tic lapse rate, vertical motions are enhanced, and 
dispersion, particularly in the vertical, is more marked* On the other hand, 
in a stable atmosphere, when the temperature gradient is isothermal or 
positive with altitude, considerable energy must be expended in achieving 
vertical motion. Even with equivalent wind speeds, a stable lower atmo- 
sphere usually results in confining pollutants fo relatively shallow layers. 

A typical daily cycle of temperature gradient over open country on a 
cloudless day begins with the build-up of an unstable lapse rate, which 
increases during the daytime owing to strong solar heating and is associated 
with well-develops turbulence. Just before or shortly after sunset, the air 
near the ground cools rapidly and a stable lapse rate (temperature increasing 
with altitude) begins to form* The inversion increases with time in intensity 
and in depth during the night, reaching a maximum between midnight and 
the time of minimum surface temperature * During this period, contaminants 
are effectively trapped within or below the inversion layer with little or no 
vertical dispersion* It should be noted that contaminants released during 
stable conditions at the surface are not transported aloft, conversely con- 
taminants released aloft from tall chimneys, etc., are not generally trans- 
ported to the ^ound under these conditions (Church, 1949). With the 
coming of daylight, the ground begins to heat and the inversion is gradually 
destroyed* This may result in " fumi^tion " (Hewson & Gill, 1944), the 
rapid mixing downwards of contaminants which were released aloft during 
the night. This often leads to high concentrations during the early fore- 
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noon, before the vigorous mixing of fully developed turbulence re-establishes 
itself to complete the daily cycle. This cycle may be broken or modified by 
the presence of clouds or precipitation, which serves to inhibit the vigorous 
convettion of the daytime, but also may prevent the formation of strong 
inversions during the night. 

It has been shown that in urban areas where pollution is most iikely, the 
typical lapse rate regime of the open countryside is modified, particularly 
at night (Duckworth & Sandbcrg, 1954). Industrial processes, increased 
heat capacity of urban areas, and roughness of the buildings contribute to 
thermal and mechanical turbulence, and the enhanced mixing prevents the 
formation of a surface inversion. This mixed layer, usually 100-500 feet 
(about 30-1 50 m) thick, is capped by an inversion whose base in open country 
would have been at ground level. Such a condition may neutralize the 
advantage of emission from tall stacks, since the pollutants emitted will be 
confined within this relatively shallow layer. 

In most discussions of air flow, it is assumed for convenience that the 
wind remains steady in direction and velocity over a considerable period 
of time and an extensive area. Actually, this is not the case and detailed 
analyses of wind flow must take these variations into account. Where the 
wind flow diff'ers from place to place or with time, owing to pressure gradient 
diff'erences or topography, meteorological trajectory analyses have been 
extremely useful in air pollution investigations (Neiburger, 1956) in follow- 
ing the action of contaminants released, or in tracing measured contaminants 
to their probable'source. The computation of exact trajectories requires a 
large number of accurate wind data, but approximate trajectories can often 
be evaluated from only a few wind observations and still serve useful 
purposes, 

Roufme meteorological data are not particulariy suitable for short-term 
time and space studies of air pollution. This is largely due to instrumental 
and sampling diflficulttes arising from the use of instruments with different 
characteristics, dissimilar exposures and differing sampling procedures and 
periods of observation. 

Atmospheric Diffusion 

No attempt will be made here to list the various theoretical approaches 
to the problem of atmospheric diffusion or to list the working formulae 
which have been developed. Comprehensive treatments of these aspects are 
discussed elsewhere (Batchelor & Davies, 1956; Magill, Holden & Ackley 
1956; Sutton, 1953; US Atomic Energy Commission & US Weather 
Bureau, 1955), and a review of this problem is currently being under- 
taken by a working group of the World Meteorological Organization, 
While the problems are understood in general terms and the formulations 
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are reasonably precise, the mathematical complexities resulting from the 
variation of the wind and thermal structure of the lower atmosphere have 
not, as yet, been successfully overcome for the entire ran^ of meteorological 
conditions. Also, only fragmentary knowledge is available at present on the 
fundamental characteristics of turbulence, its three-dimensional energy 
distribution, and time and space variation. In spite of the lack of under- 
standing of turbulence processes, the working formulae permit the calcula- 
tion of concentrations from individual sources which agree reasonably well 
with measurement, except for the elevated source during inversion condi- 
tions. Proper utilization of these formulae have permitted useful analyses 
to be made of the pollution levels resulting from a single source. There 
have been only a few attempts (FrenkeU 19S6; Lettau, 1931) to use analyt- 
ical methods to compute air pollution concentrations from multiple sources 
such as would exist in large urban areas. This approach has considerable 
merit, but it entails formidable computation difficulties and, in addition, 
requires the development of empirical t^hniques to account for topo- 
graphical and boundary parameters. In spite of the difficulties, the ana- 
lytical computation techniques are probably as accurate as the present 
knowledge of the distribution of sources, their strength and their variability 
with time, so that extremely precise formulations would not be required to 
obtain useful results. Iterat«l analyses of this type would permit the deter- 
mination of possible recurrence periods of high^oncentration pollution, the 
determination of chronic " pollution levels, the evaluation of contribu- 
tions of various source areas under changing meteorological conditions, and 
the a^/plication of a numerical approach to the question of zoning, emission 
rates and other air pollution abatement measures. 



RcmoTtl of Coi^iiifiiiiits from the Atmosphm 

Dispersal of contaminants in the atmosphere does not remove the material 
but merely dilutes it through an increasing volume. If most of the conta- 
minants were not eventually removed by other processes, the lower layer of 
the air would have long since become intolerable to man. Contaminants 
may be effectively removed from the atmosphere by gravitational settling 
if the particle size is sufficiently large. The smaller particles, which often 
constitute a large fraction of the material, may be removed by impaction on 
the surface of the earth, on vegetation or on buildings, etc. Perhaps the 
most efficient cleansing agent of the atmosphere is prectptutton. The larger 
particles are readily scavenged from the atmosphere by the falling raindrops 
(Langmuir, 1948). Recently, it has been shown (Greenfield, 1957) how the 
smaller particles may be accumulated in raindrops and thus removed from 
the atmosphere. It might be argued that the arid areas would be subject to 
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much higher pollution levels^ although observation does not seem to bear 
this out. However, the truly dry areas are not often regions of extensive 
industrialization, and Southern California and the west coast of the USA, 
an area of little precipitation, is an example of the high level of contaminants 
that can occur in the absence of vigorous air motions and pr^ipitation. 
Some evidence exists (Gunn& Phillips, 1957) that air pollution may itself 
slow precipitation-forming processes. 

The gaseous contaminants released into the atmosphere will primarily 
be removed by absorption, particularly in the oceans and in precipitation. 
There may be other means of chemical combinations and subsequent 
removal, but these are likely to be much less important. 

The character of pollutants may be modified by photochemical orchem* 
ical reactions or combinations which may accelerate (or retard) the effects 
of the pollutants on plants, animals, or structures. 



Air PolhtkNiasdVisibilily 

Historically, one of the main objections to atmospheric pollution was the 
undesirable effect of the reduction of visibility by the black, smoky pall that 
often hung over industrial regions. More recently this reduction of visi- 
bility has constituted an imporfiint handicap to commercial transportation, 
particularly aircraft, and occasionally, in extreme conditions, to automobiles. 
Visibility is not, however, a reliable direct measurement of total air pollu- 
tion levels, since it is reduced only by the particulate material, such as 
smoke and fly ash, sufficient to intercept and scatter visible Itgjit. Gaseous 
emissions or radioactive pollutants could conceivably cause more undesi- 
rable pollution levels withou' ever affecting visibility. However, variaiiuiu 
in visibility have been useful in evaluating the gross increase in pollution 
or the effects of pollution control measures. It can be ^n from a study 
of Los Angeles visibility (Neiburger, 1955) that although there was a decrease 
in average visibility over the past few decades, it was less than should have 
been expected from the rapid industrial growth of the area during this 
period. Conversely, the increase in visibility in the St Louis and Pittsburgh 
areas (Ely, 1955) after the institution of smoke control procedures was a 
measure of the success of these actions. 

Fundamentally, however, the effect of lowered visibility resulting from 
pollution is important not because of the reduction of seeing distance but 
because of the reduction in the transmission of solar energy to the ground. 
During conditions of extreme stagnation, such as the Donora or London 
smog episodes, the pollution reached such high concentrations that it 
effected a major decrease in solar radiation, which in turn permitted the 
lower atmosphere to remain stable for longer periods, so that there was a 
" feed back effect. 
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Meteorologictl Studies Air Pcrilntion InvesHgatioos 

There have been many well-known air pollution studies over urban 
areas (for example, Leicester, Donora, Los Angeles, London, and Pittsburgh). 
Some of these studies did not include concurrent meteorological investiga- 
tions. This has resulted in some ambiguity in the interpretation of the 
findings, which is best illustrated by a hy{K>thetica] example. If concentra- 
tions are measured at one or several points for a given length of time, certain 
variations of the concentration levels will be found. The question is to 
determine whether these variations are due to the influence of differing 
sources, to variations of source strength with time, or to variable meteo- 
rological conditions. Without a concurrent meteorological programme, 
only inferences can be drawn as to the weather variations. Since concentra- 
tions can change by ordei^ of magnitude in different weather situations, 
other deductions become less certain if the meteorological parameters are 
not well known. Because of the large possible variations within and 
between areas, the requirements for meteorological data depend largely on 
the topography/the number of sampling stations, the length of record, and 
the purpose of the study. If mean annual variation of pollution potential is 
desired, a single representative meteorclogical station measuring wind, solar 
radiation, temperature gradient, etc., may suffice to give adequate informa- 
tion. On the other hand, if it is desired to obtain a large number of indi- 
vidual samples, then a much more elaborate meteorological network is 
required. A recent investi^tion of air pollution at Louisville (Leavitt, 
Pooler & Wanta, 1957) describes the problem of obtaining representative 
meteorological data for use in a multiple sampling programme. 



Air Pcrihrtion Climatology 

The compilation of meteorological data for the purpose of evaluating 
pollution levels is not a simple task. Those meteor c^igical stations with 
long periods of record are not usually in optimum locations for air pollution 
research purposes. In addition, since direct measurements of atmospheric 
turbulence levels have not been generally made in the past nor are they 
currently measured, it is necessary to infer from measurements of wind 
direction, wind speed, and low-level temperature gradient the dilution 
potential of the atmosphere. If the frequency of v^nd observations is 
sufficiently high, say at least one measurement per hour, then the seasonal 
variations of this quantity and its correlation with precipitation, air pollu- 
tion levels, etc., are generally satisfactory. The major difficulty with the 
wind parameter is the representativeness of the location where the wind 
records were taken. On the other hand, measurements of the vertical 
thermal structure of the atmosphere have been made on a widespread basis 
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only since the late I930's, and these early measurements were usually made 
only once per day. The primary purpose is to measure the temperature 
structure of the atmosphere to as high a level as possible. In recent years, 
these observations have been obtained by means of radiosondes, which 
4tave a high rate of ascent in the lowest few thousand feet of the atmosphere 
and ure not ideal vehicles for obtaining the detailed structure of the low- 
level temperature gradient. It has only been lately that radiosonde measure- 
ments have been made at more than a few locations as often as four times 
per day. Thus, the diurnal variation of low-level temperature gradient and 
its change with season is not truly susceptible to analysis from radiosonde 
observations. A number of meteorological towers have been erected m 
connexion with air pollution investigations where continuous measurements 
of low-level temperature gradient are available. These are relatively few m 
number and, owing to restrictions of various kinds, are seldom within large 
urban areas. Even the continuous records of meteorological towers have 
their drawbacks in that most of these towers are less than 500 feet (about 
150 m) high, so that the structure of the atmosphere above this level is 
lately unknown or must be determined through utilization of captive 
balloons, a technique almost as unsatisfactory as the conventional radio- 
sonde. The erection in recent years of tall television towers, 1000-2000 feet 
(300-600 m) high, in many countries has now provided means by which 
continuous record of temperature gradient in the most important layer of 
the atmosphere can be obtained, but the instrumenii*t»on and maintenance 
of such towers involves considerable work and expense. 

In spite of these shortcomings, it is pc jsible to draw reasonable in v. r aces 
from conventional meteorological data as to the frequency of meteorological 
conditions that would be conducive to high levels of air pollution. This 
particular phraseology is deliberately used, since th^re may be areas where 
the frequency and duration of conditions favourable to ^'-'^h pollution levels 
are much greater than in other industrialized areas, buw /here concentra- 
tion measurements would not show comparable pollution levels, since no 
source of pollution is present. An evaluation of the meteorology of poten- 
tial air pollution must ignore present-day pollutant source strength and 
consider only the meteorological conditions.^ is entirely possible that 
areas now known for the cleanliness of their atmospheres could become 
areas of pollution with levels much higher than the now smoky areas of the 

world. ,1 _j 

Considerable care must be used in the evaluation of climatological records 
for interpretation of air pollution. Differing interpretations are required to 
answer different questions. If, for example, the problem is one of short- 
term high concentrations of a particular material or persistent low con- 
centrations of the same pollutant (Eisenbud et al., 1949), then the respective 
time of sampling and the period of averaging of the associated meteorolog- 
icaW^a shguld differ considerably. In addition to gross frequency tabula- 
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tions of the occurrence of unfavourable meteorological conditions, statistical 
studies of extreme values of the various parameters and, where possible, 
determination of recurrence frequencies (Itooet al., 1955) are most valuable. 
Directly related to health problems is the question of duration periods of 
extremely unfavourable meteorological conditions. This requires analyses 
of time series whose various peak values may not be independent. Thus 
far, theoretical statistics has not solved this problem and an empirical 
approach for each location must be utilized. Such an approach requires 
continuous data measurements. 

It is possible to obtain useful data from an analysis of the joint frequency 
distributions of wind speeds, wind direction and stability, wind direction 
and precipitation, wind direction and speed according to time of day 
(Wanta & Stern, 1957). Such information may be used to determine the 
diurnal and seasonal variation of the conditions favourable to high pollution 
levels and the definition of an area's microclimate in terms of air pollution 
potential. 

As mentioned previously, data will not usually be available for the area 
of interest or if available for the area will be taken from only a single 
discrete point within the area. Thu", at least a qualitative determination 
of the space variation of the pertinent meteorological factors is required. 
Fortunately, it is often possible to estimate the deviation in wind flow 
(direction and speed) and the changes in temperature gradient with changing 
tenain so as to permit the translation of data from one area to another 
location of interest. More diflicult is the question of relating sampling time 
of the meteorological variables to the air pollution concentrations. The 
various working formulae for computing diffusion measurements generally 
refer to sampling the air concentrations measured over a rather short 
sampling time. Sutton (1953), for example, determined diffusion coefficients 
appropriate to a three-minute period of sampling. When this sampling 
time is extended to the order of days, hours, or even months, then these 
diffusion coefficients are no longer appropriate and adjustments must be 
made accordingly (Smith, 1955). On the other hand, for these longer periods, 
simple averages of wind and stability may suffice when direction variations 
and diurnal changes are taken into account. 



Meteorological Partmeters 

The use of meteorology for predictions of air pollution may range from 
statistical prediction based on climatological factors; through the inter' 
comparison of two or more areas to determine potential pollution levels; 
to the prediction of concentrations of short duration from a single source 
using analytical techniques. There is also the middle range where predic- 
tions can be made for extended periods of unfavourable meteorology for 
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broad areas. A recent study carried out for the Tennessee Valley Authority 
(Kleinsasser & Wanta, 1956) reflects an approach along these lines. How- 
ever, the prediction of unfavourable meteorology must be followed by 
control measures if the actual occurrence of high pollution levels is to be 
avoided. We are just now approaching the point where prediction of area 
concentrations for industrialized regions is becoming feasible. If a particular 
contaminant can be identified as becoming harmful when certain levels are 
reached, then this type of prediction could permit the selective control of 
specific sources in order to prevent the iMirticular contaminants from reach- 
ing undesirable levels in specific zones. 

A service forecasting general stagnant conditions which would affect 
broad areas is now possible from most of the world's meteorological services 
and even in the absence of control measures may prove useful in identifying 
areas in which health officials or air pollution control officers will wish to 
be especially alert and active. 

Finally, the prediction of meteorolo^cal conditions favourable for poten- 
tially high levels of pollution may be used in actually controlling emission. 
This is normally considered only as a last resort (Magill, Holden & Ackley, 
1956) since it may not be economically feasible unless pollution levels rise 
to critical values. Actually, meteorological control of all emissions in a 
large industrial area will probably never be feasible, although the control of 
emissions from individual sources whose contaminants may be particularly 
haz2(tdbus might be made effective. 

Conclusions 

In any programme for reducing over-all air pollution levels, meteorology 
cannot independently provide the ultimate solution. However, it should be 
an integral part of any air pollution investigation, whether for an individual 
plant, for an entire industrial region, or for a nation. Meteorology should 
be considered in the drawing-up of air pollution evaluation programmes. 
The design of an air-sampling network is intimately connected with the mean 
air flow and mean stability of the atmosphere. If source regions are well 
identified, then the meteorology of the area will determine the most economic- 
al and efficient location of the sampling network. 

Simple consideration of mean air flow and stability will assist in the 
siting and zoning of urban areas; the development of techniques for com- 
puting concentrations from large area sources would be helpful in deter- 
mining optimum residential areas* * 

With the increasing urbanization of large areas of the earth, it s^ms 
likely that, eventually, pollution from one industrial source (in sufficient 
concentration to make a significant contribution) vill be felt by other areas. 
This is protebly already true in many of the heavily industrialized areas of 
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Europe and the USA. Since the movement of air is unrestricted by geo- 
graphical boundaries, the problem is one of international scope. The co- 
ordination and interchange of information between all countries working 
on the air pollution problem is required if progress is to be made in this 
field. Standardization of instruments and analytical techniques, increasing 
density of networks, fundamental understanding or the turbulent structure 
of the atmosphere, and increased utilization of the existing data are indicated 
for the full realization of the role of meteorology in the understanding and 
abatement of air pollution. 
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SAMPLING, ANALYSIS AND INSTRUMENTATION 
IN THE FIELD OF AIR POLLUTION 



I. INTRODUCTION 

The subject of air pollution has been dealt with repeatedly in the past, 
from various points of view. However, one has the feeling that in the 
different meetings the discussions have centred on the more general aspects 
or on very specialized factors, while rightly stressing the general importance 
of the problem from the chemical and physical, health, epidemiological, 
agricultural and zootechnical angles. Such discussions have dealt with the 
sources of pollution and methods of control and inspection, while the 
responsibility for pollution has been laid on the ignorance and the lack of 
interest of town dwellers, the absence of specific legislation and the ineffec- 
tiveness of the existing legislation. Finally, some ^ven aspect of a special 
field has perhaps been dealt with in detail— for example, some specific 
sampling and analytical technique for one, two or more components of air 
pollution. 

The impression left is one of the initial chaos attendant on all human 
endeavours, leading to the conviction— at least in the purely technical field 
with which we are concerned here— that it is necessary to standardize 
methods and means, as regards sampling and analysis at any rate. Such 
standaidization will yield as clear a picture as possible of the data useful 
as a basis for general plans for the solution of a problem of such funda- 
mental importance as air pollution. . 

It is possible to use sampling methods A or B (recommended as the best 
by different authors) to sample the same impurity X, with considerable 
differences in efficiency. Moreover, methods C and D (also arbitrarily 
chosen by investigators as being the best ones) may be used for analysis 
of the samples, with different limits as regards accuracy, sensitivity and 
selectivity and, furthermore, with results also affected by the skill, objectivity 
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and working conditions of the operator. While this state of affairs con- 
ti.iues, any trustworthy and definitive comparison of results will remain 
impossible — that is, it will be impossible to deal with a variety of conditions 
and circumstances in a uniform manner, except within the range of toler- 
ance covering the sttaying of the results from the true figures which arises 
from the various causes indicated above. 

For this reason, in the conviction that it is essential to overcome the 
obstacle of the " subjective " nature of the results, which arises from the 
disparity of methods and the personal equations of the various workers or 
experimenters, the author is putting forward in this report, not a definite 
plan for immediate standardization at this stage, but a preliminary con- 
tribution towc^rds selection, from the available material, of those methods 
which seem most suitable for narrowing the range of tolerance " already 
mentioned. It should be pointed out, however^ that there are two negative 
aspects with regard to such a selection: (a) the result will, in turn, doubtless 
show traces of the personal views of those making the selection; and (b) the 
reason why the use of instrumental means in the field of analytical research 
comiected with the problem of air pollution has not yet become general, but 
has so far been reserved only for the best^^equipped research institutes, is 
essentially a financial one, this question of finance probably being in most 
cases the main reason for the indifference with which the problem of air 
pollution is regarded in many countries. 

Although the first point may appear relevant, the second — at least as 
far as we are concerned here — can be regarded as negligible, since we are 
not considering the drawing-up of a budget of any kind but are only trying 
to determine the most objective and efficient technical and scientific methods 
for sampling and analysis. In saying this, we do not wish to disregard the 
value of the research work carried out by various investigators so far, nor 
do we forget the future work which will still be necessary. Instrumentation 
is, in fact, nothing more than the application of new means to old and tried 
methods, an application which, apart from the benefits it has already shown, 
will lead to a streamlining of the work as regards both space and time and 
make it possible to extend the field of application of the methods themselves 
to situations which could not be investigated by ordinary means. 

11. SAMPLING 
Generti 

The sampling methods used for the study of air pollution can be classified 
under three different headings: 

(1) Sampling of impurities of every nature, ranging from particulate 
matter to gases; 

(2) Sampling under various environmental conditions, ranging from 
samples taken from conduits or chimneys to samples taken in the open air; 
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(3) Sampling methods varying according to the time factor, ranging 
from intermittent to continuous sampling. 

The major difficulties encountered in each of these categories of 
sampling generally relate to : (a) the problem of collecting samples which are 
genuinely representative of the condition of the mass of air under study; 
(b) the problem of avoiding the introduction of errors arising from the 
methods used for the separation of the various components of pollution, 
which is necessary for the analysis of each of these components; (c) the prob- 
lem of preventing any change in the concentration of particulate matter, in 
suspension as a resuh of the sampling operations. 

¥tt3bnSmsj Considmtioiis and Stages of Sam^ing : 
Prindples GoTerning the Airoidjuce of Sources <tf Error 

Before putting forward a tentative systematic enumeration of sampling 
devices, we shall discuss a few points of a general nature relating to the 
principle' to be followed to ensure correct sampling, as free as possible 
from direct or indirect causes of error and capable of giving directly all the 
necessary information, or making possible its subsequent acquisition. 

Stttistkal studies 

Statistical studies are of the utmost importance to establish the basic 
data (e.g., the size and frequency of sampling) necessary to the drawing-up 
of a good plan of research. By their use it is also possible to extract the 
maximum amount of information from the results, thus enhancing the 
completeness and accuracy of the research. Statistical studies naturally 
solve such problems in terms of probability — that is, by definition they do 
not give absolute results but only indicate the percentage probability that a 
given series of data will be accurate within certain limits. 

Size of tlie samples 

The samples should naturally be big enough to make analysis possible. 
Consequently the persons carrying out the sampling and the analysts should 
ahvays agree beforehand to make a joint study of the types of sampling 
devices, the methods of sampling and the size of the samples necessary and 
4Kleqiiate for the type of analysis to be carried out. 

Changes in the sample during and after samfriii^ 

This is one of the fundamental causes of error. In fact, many substances 
which, when present in low concentrations, can coexist without reacting 
with one another and consequently without undergoing any appreciable 
change, may when sampling has b^n continued long enough to bring about 
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a high concentration — for example, in order to provide the analyst with an 
adequate amount of material for analysis — react with the formation of other 
substances which were perhaps not present either in the waste gases or in 
the atmosphere. Particulate matter, moreover, may agglomerate or break 
up, so that the sample collected may show statistical and dimensional 
properties completely different from what they are in reality. These pos- 
sibilities should always be borne in mind by the investigator so that he can 
try to avoid such serious sources of error. 

CofitiiHioiis and intennittent sampliiig 

Automatic, continuous or intermittent recording apparatus is becoming 
more and more widely used in atm ospheric analysis because of the out- 
standing advantages it offerT Apart from leading to a saving in time and 
staff, such apparatus is sometimes sufficiently sensitive to detect minute 
concentrations of^impuritles that generally escape the notice of even the 
most experienced workers using the normal analytical means. In some 
cases, recent research has shown that it is precisely these minute traces of 
impurities which are the cause of the most unpleasant aspects of air pollu- 
tion, ranging from damage to plant life to physielogical effects in man, such 
as irritation of the eyes. Many of these continuous recording machines 
combine the operations of sampling and analysis, so that any different- 
iation between ihe two operations for purposes of classification becomes 
pointless. 

SampUng of volatile constituents 

The major difficulties involved in the sampling of volatile components 
of air pollutionyelate to the efficacy of the methods used, the concentra- 
tions which iU^ecessary to attain, and the subsequent separation of other 
components m order to analyse the volatile substances. In such cases, the 
only useful advice of a general nature which can be given is to carry out 
sampling with large volumes of air so as to have the maximum quantity of 
the substance available for analysis and to eliminate, as far as possible, the 
need for subsequent concentration. 

Sampling of particulate constituents 

It has already been seen how the possible agglomeration or breaking up 
of particulate matter nnay lead to errors of evaluation. In order to eliminate 
these sources of error the sampling should be carried out under conditions 
which are as isokinetic as possible, above all when the particles are very 
small. 

This signifies that sampling should be performed in such a way that, as 
far as possible, the gas stream carrying along the particulate matter should 
undergo no disturbance or change of speed on entering the collecting device. 
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It is almost impossible, however, to ensure perfectly isokinetic conditions, 
since the final container will always represent a disturbing factor. Thus 
sampling takes place practically always under more or less anisokinetic con- 
ditions, which may lead to inevitable errors in the determination of both the 
quantity and the dimensions of the suspended matter. In order to reduce 
anisokinetic conditions to a minimum, the gas stream should be sampled 
as far as possible in the same direction and at the same speed as the stream 
itself, but at least never counter-current. 

Furthermore, to avoid reducing the efficiency of sampling, deposits and 
condensation should not be allowed to form on the walls of the sampling 
vessel ; the collecting surface should therefore be as close as |X>ssible to the 
source of the gas stream. Obviously, a 100 per cent yield of the total 
pollutant content is not possible, but a fair approximation can be achieved 
by carrying out selective sampling in relation to the size of the particles. 

Sampling of waste gas 

Numerous difficulties encountered in this type of sampling arise %.>m the 
particularly variable characteristics of waste gas— namely, very high tem- 
peratures, lack of uniformity in the composition of the gas flow, an J differ- 
ences in speed due to disturbances of all kinds. For all these reasons it is 
impossible, in the present state of our knowledge, to lay down any general 
rules, and it is necessary to adopt those methods which are best suited to 
the special conditions which it is felt will occur in the particular case con- 
cerned. 

The only general directive which can be given is that the gas stream 
should be sampled at several points and the largest possible number of 
samples taken, or that average samples should be taken after a careful 
study of the conditions of the gas flow,^o as to determine as far as possible 
the variables of the flow and whether these are cyclic or periodic in nature. 

Sampling in the open air 

In the case of sampling in the open air the main difficuUies arise from: 

(a) the high dilution of the pollutants dispersed in the air to be ^mpled; 

(b) the consequent need to collect large samples (without, however, unduly 
prolonging the sampling time); and (c) the difficulty of sampling under 
isokinetic conditions, in particular because of the frequently rapid changes 
in the direction of the wind. 

Here, more than in any other case, continuous recording instruments 
are valuable. Several of them should be placed simultaneously at various 
points in the area under examination. Synchronous meteorological measure* 
ments, again continuously recorded, should also be available for each instru- 
ment so as to supply the essential information for identifying at any moment 
the characteristics of the source of pollution with respect to the wind speed 
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and direction and other basic meteorological data. It is in fact wind and 
atmospheric stability factors which play the major part in bringing about 
special conditions of dilution or concentration of pollutants in the air. 

Various mathematical formulae have been introduced for defining the 
theoretical concentrations, detectable at ground level, of gaseous or part- 
iculate efBuents coming from individual sources (point sources, linear 
sources, etc.). Such formulae may be of great value, particularly for con- 
verting results actually obtained under given meteorological conditions to 
those which should be obtain^ under different conditions. 

Furthermore, a study of the topographic and orographic features of the 
area is n»:e$sary for the integration of all sampling data, since such features 
have a considerable influence on the variability of meteorological factors 
and the limitation of the volumes of air affected by the discharge of pollut- 
ants. 

M^iiods for followii^ the moyemcnt of air masses 

In some cases it ma> be necessary to analyse the movement of air masses 
in order to determine the speed of diffusion and the distance at which pollut- 
ing substances discharged into the air from one or more sources can be 
detected. In such cases, use may be made of fluorescent substances (zinc 
and cadmium sulfides, zinc sulfate, etc.), which are discharged into the air 
by means of a special fog or smoke generator and which are then looked for 
in samples collected at various distances and at different times in the area 
under study. 

Instrnmeiits for StmpUng Wtste Gases and for AtmosplMrk Ampule 

Deiices for general ttse 

Almost all sampling apparatus requires aspirating and measuring instru- 
ments, in addition to the collecting device. Almost all, but not all, since 
occasionally the sample is collected by the displacement of gas or liquid or 
by the filling of containet^ which have first been evacuated and which have 
d known volume. In such cases — nearly all of which are of instantaneous 
sampling — a measuring device may be unnecessary and the aspirating appa- 
ratus can be omitted, provided that the gas to be sampled is under sufficient 
pressure to displace the liquid or gas filling the collecting vessel. Instan- 
taneous $£^npliftg-is usually undertaken only in special cases, when it is 
required to determine the conditions at a given moment, and is employed 
primarily for sampling waste gases in the immediate neighbourhood of the 
outlet of conduits or pipes—that is, when sufficient pressure is available for 
displacement of the contents of the collecting vessels. 

However, sampling is generally not instantaneous but more or less pro- 
longed and, as has been said, calls for aspirating and measuring devices as 
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well as, in the case of the direct sampling of a gas stream, probes— 
that is, sampling devices which can reach any point in the cross-section of 
a conduit which has been selected for sampling. 

Probes 

Probes for sampling gas free of particulate matter are generally simpler 
than those used for gas streams containing solids or liquids in suspension. 
Such probes arc nothing more than tubes suitable for penetrating into the 
gas stream, and should be constructed of materials which do not react with 
the substances to be sampled. Sin(» it is not uncommon- to encounter 
special temperature conditions or corrosive matter, probes should be made 
of stainless steel, or— better still— of glass or quartz. 

The length of the probes should be such that they can penetrate to any 
point of the gas stream to be sampled, since the latter may not be uniform 
as regards flow, speed or composition. The internal diameter of the probe 
should be such that it conveys the sample to the receiving vessel at the speed 
considered most suitable for the particular case. At the same time, the dia- 
meter should not be too small, so that the probe does not readily become 
choked when particulate matter is present and also so as to facilitate clean- 
ing, which should be undertaken as often as possible. 

To ensure the isokinetic sampling conditions to which reference has been 
made, the opening of the probe should face the gas stream to be sampled, 
and the diameter of the opening should be such that sampling can take place 
without changing the speed of the effluent. 

Meiers 

Since the precision and accuracy of an analysis largely depend on an 
exact knowledge of the volume of gas sampled, such devices must be 
extremely accurate. Meters for the measurement of dry gas are used for 
preference. They are fitted with manometers and thermometers which 
indicate, at the point of measurement, the pressure and temperature of the 
gas stream sampled, so that the volume of gas read off can be converted to 
standard temperature and pressure, or its weight determined* 

Suction devices 

No special directions can be given in this connexion, since any suction 
device ;4iu^be used which has adequate volumetric capacity under the 
necessary conditions_Qlreduced pressure. Vacuum pumps driven by electric 
motors are the most common apparatus used. If there is any danger that 
the gas to be sampled will ignite, the pumps may befitted with special anti- 
combustion motors or, if only very low power is required, they may be 
worked by hand. Otherwise the gas can be absorbed by using jet pumps 
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employing water or steam, or special pumps driven by a gas motor actuated 
by liquid carbon dioxide. 

Devices for sampliiig gases and vapours 

Absorbers 

A gas can be sampled by means of suitable absorption reagents provided 
it dissolves with sufficient rapidity in these reagents. For this purpose use 
is made of U-tube absorbers of the type laid down for the determination of 
sulfur by the American Society for Testing Materials. These absorbers are 
filled with a certain measured amount of reagent and fitted with a porous 
glass partition, so that the air or gas led into them passes through the reagent 
solution in the form of very fine bubbles, thus ensuring intimate contact. 
Sampling by means of such absorbers is usually carried out at an average 
rate of about 100-150 litres per hour of gas stream. The absorbers may be 
arranged in scries of two or more elements containing the same reagent 
solution to ensure more-complete absorption of the impurity in question^ or 
in series of two or more elements containing two or more different reagent 
solutions so as to absorb different pollutants successively from the same 
volume of gas or air sampled. 

Several ytars' experience in the Institute of Sanitary Engineering in 
Milan has shown thai unit, of the type described above can also be usefully 
fitted up in parallel scries. Ten or more units can be used in this way for 
the simultaneous sampling of several pollutants. The arrangement which 
at present seems most advisable (according to experience in the Institute) is 
the installation of parallel pairs of absorbers (mounted in series) corres- 
ponding to the number of polluting substances which it is desired to detect. 

This arrangement achieves the completeness of absorption considered 
necessary, and at the same time makes possible the simultaneous sampling 
of any desired number of pollutants. 

By selecting the most suitable absorbent solutions at present available, 
the gaseous components listed below can be determined under the conditions 
mentioned in concentrations as low as 0.1 p.p.m. by volume: 

oxides of sulfur 
oxides of nitrogen 
ammonia 
hydrogen sulfide 
hydrochloric acid 
hydrofluoric acid 
hydrocyanic acid 

Even lower concentrations can be determined by prolonging the sampling 
time or decreasing, wh%re applicable, the speed of the gas flow through the 
absorbers. 
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When the polluting substances collected are present in minute traces 
and the sensitivity of the analytical method lo be employed is very close to 
the limit of quantity of pollutant which can be collected by absorption, it is 
possible to improve the degree of absorption by using a more complicated 
arrangement. A much smaller quantity of reagent is injected as a fine spray 
into a small bulb, into which the sample of gas qontaining the contaminant 
to be absorbed is rapidly and simultaneously injected from another storage 
vessel by means of an alternate ** emptying " and " refilling " cycle. In 
this way intimate contact is brought about between the reagent and the 
contaminating substance in the sample, a minute quantity of the component 
to be determined being concentrated in a very small volume of reagent 
liquid. 

This particular type of sampling by absorption may be employed for the 
determination of ozone, hydrocarbons or organic solvents and, with suit- 
able auxiliary refrigeration equipment, the samples thus obtained can be 
used for infra-red and ultraviolet spectrographic analysis. 

Adsorbers 

The collection of samples by means of adsorption involves considerable 
difficulty, not so much as regards the apparatus but as regards the need for 
preliminary investigation to determine what adsorbing medium will give 
the best results, both quantitatively and qualitatively. 

This type of sampling is used especially for ozone and the light hydro- 
carbons. Adsorption is brought about by aspirating the air or gas to be 
sampled through adsorption columns containing silica gel, activated charcoal 
or any other suitable agent. After adsorption, the different pollutants can 
be extracted from the column in various ways: (a) if the adsorptioii on silica 
g^l has been carried out at the temperature of liquid air (procedure used to 
detect down to two or three parts per hundred million by volume of ozone), 
the sample can be extracted by raising the temperature to —\2&'C; (b) the 
same procedure of raising the temperature serves to separate various frac- 
tions of light hydrocarbons from the adsorption column, by taking advan- 
tage of the different boiling points of these fractions; or (c) a jet of inert gas 
passing through the adsorption column can act as an eluent and behave in 
the same way as an elution solvent in liquid chromatography. 

Condensers 

In this procedure the gas stream sampled is cooled in suitable con- 
tainers, thus bringing about the condensation of the volatile substances 
present. As in the case of the absorption devices previously described, these 
so-called condensation traps can be arranged in parallel pairs and in 
series at decreasing temperatures. By using various coolants — for example, 
:e, dry ice, liquid nitrogen, or liquid air— the components can be separated 
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by fractional condensation. However, the quantitative assay of th?^ 
various pollutants in the sample may be hampered by the formation of* 
crystals, which may first deposit and then volatilize on the less cold parts 
of the apparatus. This drawback can, however, be reduced to a mini- 
mum by dividing off the cooling chamber with suita^'.e porous glass parti- 
tions. 

Such devices are used in particular for the sampling of odoriferous 
substances. 

Collectors under reduced pressure 

For some substances, such as nitric acid and aldehydes, having a high 
molecular weight, absorption in aqueous solutions is sometimes incompi«;.te. 
In such case$ it is preferable to use bottles of known" volume for collecting 
under a pressure reduced to 200 mm Hg or even less. The absorbent solu- 
tion chosen is first introduced into the bottle and the pressure is then reduced. 
N.xl, the sample is admitted until the internal and external pressures are 
equal» and the container is shaken continuously so as to ensure maximum 
absorption. 

This method is used especially in the construction of automatic analysers 
for the oxides of nitrogen. Such analyses range in sensitivity from 0.005 to 
5 p.p.m. by volume, and emiidoy a colorimetric reagent, the colour produced 
being measure photo-electrically. 

Samplers for mass spectrometric analysis 

Sampling for mass spectrometric analysis can be carried out in various 
ways, either by compressing the gas sample in a pressure flask so as to con- 
centrate a large quantity of ^ in a smiali volume, or by filling evacuated 
containers. The sampling technique employed should first be agreed upon 
with the analyst in charge of the m^ spectrometer, since it has a consi- 
derable influence on the results obtained. 

Plastic containers 

Special polyethylene bags, strengthened with at least five layers of plastic 
material and sealed while hot, are much used for collecting and transporting 
large volumes of air. These bags have the advantage that they can be used 
for the successive analyses of small fractions of the sample taken. Moreover, 
polyethylene is inert with respect to very many substances, among which are 
sulfur dioxide and formaldehyde. On the other hand, plastic bags are not 
suitable for collecting anit storing aerosol suspensions, because of the pos- 
sible generation of el^trostatic char^ as a result of which the aerosols 
tend to mpve^owards and condense on the walls. 
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Devices for SMnpUng partfcubite matter 

Sedimentation methods 

Sedimentation is a very suitable method for sampling suspensions of 
pollen, but not dust suspensions, because the particles may clump together 
or become dispersed over the walls of the sampling device, making it difficult 
to collect them quantitatively. The sedimentation rate of the smallest 
particles contained in aerial suspensions may also be considerably lower than 
f at of the larger particles, so that the latter tend to predominate on the 
sampling slides. 

The apparatus for sampling by means of sedimentation consists of a 
glass surface, meas'Ting about 3 cm x 10 cm, arranged horizontally in a 
protecting metal frame. The latter consists of two metal discs, about 20 cm 
in diameter, arranged horizontally and roughly 10 cm apart. The slide is 
placed in a holder about 3 cm above the lower metal disc. The whole 
apparatus is mounted on a rod, provided with a support, about 90 cm high, 
and plac^ on top of a high building. 

The slide becomes coloured and the pollen granules are identified and 
counted under the microscope, the results being reported as " number of 
granules per cm- of slide collected in twenty-four hours The method is 
simple and economical, but not suitable for quantitative assay of the pollen 
content of a given volume of air. Particles of homogeneous smolce can, how- 
ever, be measured by observing their sedimentation rate in a special sedi- 
mentation chamber by means of the Tyndall effect produced by a beam of 
light.' In this^ay it is^posstbre td~measure sedimentation rates ranging 
from 4 cm to 160 cm per hour, c ^responding respectively to matter with 
a density of 1 g/ml and matter with a den^ty of 2 g/ml, such as sulfur. 

Sedimentation jars, which arc \ety simple and economical, can also be 
used for gravimetric determination of the matter deposited in a given period 
of time, but they give results which are only very approximate and are 
hardly reliable. 

Visual and photometric methods 

These are devices for direct observation of the state of dispersion of the 
particles in the air or in a waste gas, thus eliminiOing errors arising from the 
clumping together or breaking up of the particles which may occur when 
other means are used for collecting them. 

The Ringelmann ^rds are an example of a visual method. They consist 
of a series of five cards numbered from 1 to 5, divided up into squares 
formed by black lines on a white ground, the ratio between the areas of the 
squares on the different cards being 20, 40, 60, 80, and 100 per cent. These 
cards are placed at the eye-level of the observer, at a distance of about one 
and a half metres and as near as possible to the source of the smoke. The 
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observer compares the density of the smoke with the intensity of the grey 
spots which the various Ringelmann cards produce, and describes a source 
which is practically clear (non-opaque) as No. 0 and a smoke which^is^ 
100 per cent black as No. 5. The observations are repeated at intervals of 
15-30 seconds and the readings are then related to the theoretical value of 
the density as determiaed for Ringelmann card No. 1— that is, a smoke 
with a 20 per cent density — by means of the formuL? : 

Total of the different numbers of the Ringelmann cards x 20 _ Percentage density 
Number of observations of the smoke 

This very simple method clearly gi^cs only very approximate results, 
which may also be completely arbitrary at times, varying according to the 
position of the observer with respect to the source. 

More accurate is the slit ultramicroscope, where the slit is in the form of 
narrow cell through which is passed the sample at a rate slow enough to 
ensure that the time of passage is sufficient for purposes of observation. 
It is usually possible to make about 60 observations per minute and thus 
obtain a satisfactory statistical average; it is also possible to count particles 
with diameters of less than O.I |i. 

Another very sensitive device is a transverse dispersion Tyndallometer. 
Here the flow of the sample is observed by means of transverse illumina- 
tion which shows up the particles so that they can be rapidly counted. This 
can be done directly by aa experienced operator or, still better, by electronic 
counting and automatic recording apparatus. With such apparatus it is 
possible to count particles of about 0.6 |i in diametei at a speed of 1-1000 
units per minute. 

Smaller particles can also be observed by using suitable photographic 
equipment which takes a picture of the sample every two seconds, registering 
the condensation droplets formed around the particles and thus enabling a 
subsequent count to be made. 

Impingers 

This type of sampling consists in th j intercepticn of aerosol particles by 
placinj obstacles in the path of the g3» stream. When a gas stream is forced 
to go round an obstacle, the particles in it tend— because of their inertia— 
to diverge from the direction of the stream and collect on the surface of the 
obstacle. Of course, since the inertia of a particle is pioportional to its 
mass, the smaller the particles the greater will be their tendency to follow 
the direction of the gas stream in its flow round the obstacle. The efficiency 
of this type of sampling is given by the ratio between the number of particles 
intercepted by the apparatus and the number which would have been inter- 
cepted if none of them had beenjieflected in any way. For maximum 
efficiency, this method should therefore be reserve^' for rather large particles, 
using small samples and a high rate of flow. 



SAMPLING, ANALYSIS AND INSTRUMENTATION 



75 



There are many types of device employing this principle, ranging from 
simple microscope slides exposed to gas streams or suspended in the air 
at right angles to the direction of the wind, to cascade impactors. The latter 
consist of a series of slides arranged at right angles to one another and it is 
possible to " select " the particles by gradually reducing the diameter of the 
opening of the tubes directing the gas stream from one slide to another, at 
an average rate of flow of approximately 17 m per minute. 

Usi^ cascade impactors it is possible to trap particles of submicronic 
size with the arrangement in series just described, but conveying the gas 
stream to the last slide at a very high velocity, equal to the speed of sound. 

A special arrangement for continuous sampling employs a jet of gas 
which is made to impinge on a series of slides mounted radially around the 
circumference of a cylindrical wheel placed in a vacuum chamber, so as to 
cause the assembly of slides to rotate. More complex apparatus employs a 
microscope in conjunction with the simplei^pinger and sometimes also a 
camera for taking periodic pictures of tRe slides In place of the slides 
tubes containing solvents or inert liquids can be used» in the formei^case for 
chemical analysis of the solution obtained, and in the latter for microscopic 
examination of the particles dispersed in the liquid. 

Filtration methods 

Many factors are involved in the filtration of aerosols through porous 
media. The use of filters should aim essentially at enabling subsequent 
examination of the particulate matter to take place, but— apart from gravi- 
metric measurem^ts— such examination is often not easy, because of the 
difficulty of separating the matter filtered out from the filtration device. 

One way of overcoming this drawback is to use soluble filtering media 
— for example, sugar or salicylic acid crystals — dissolving them in water and 
separating the particles retained by filtering the solution. However, it is 
essential to make sure that filtering media of this type (generally used in 
several layers) do not react with the particulate matter. Other filters used 
with good results include certain filter papers (ash-free), asbestos fibre or 
glass wool. 

Recently, molecular filter, consisting of special plastic substances 
with very fine pores, have been introduced. These have the advanta^s of 
offering a minimum of resistance to the gas stream and also— when they 
are transparent— cf being suitable for direct examination of the particle size, 
by determining the intensity of the light transmitted when the filters are 
moistened with oil having a suitable refractive index. 

Such filters can also retain extremely small particles which would pas^ 
through practically any other filtering medium. Furthermore, they aie 
soluble in acetone, making possible the practically complete recovery of the 
particulate matter in the laboratory and its subsequent analysis by other 
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means, as required. Their sole disadvantage is that they lose their favour- 
able properties when exposed to high^emperature gas streams. 

Cyclone-type sampling 

These devices are very suitable for sampling light ashes and dusts and 
can attain an efficiency of nearly 100 per cent. They have the following 
advantages: (a) simplicity of construction; (b) they can be made from 
materials resisting high temperatures; (c) they can be made to any size; and 
(d) the samples collected can be rapidly recovered. 

The principle employed is to bring about a cyclonic or vortex movement 
of the gas or air to be sampled in a cylindrical container, so that the sus- 
pended matter is separated by centrifugal force. 

Thermal precipitation methods 

This method of sampling is l^sed on the principle that hot surfaces 
repel particles suspended in the air, and that the particles thus repelled col- 
lect on cold surfaces. An airstream is made to cross the space round a 
heated filament situated between plates, with the result that the particles 
repelled by the hot filament settle on the plate. If the collecting plates are 
covered with colloidal matter, they can be directly examined under the 
electron microscope. The addition of an agitating device to the collecting 
plates helps to ensure a more uniform distribution of the particles which 
have been in suspension. The efficiency of such samplers is so high that it 
is not possible with any other sampling device to trap any particles which 
may have escaped. 

Electrostatic precipitation methods 

The principle employed here consists in submitting the gas stream to be 
^mpled to the actio n ^suitable electric fields so as to encourage the deposi- 
tion of the particles in suspension on electrodes between which a high 
potential difference is maintained. In this case too, the efficiency may reach 
almoif^OO per cent, but the samples obtained serve only for gravimetric 
analysis, since the particles are collected in a state of agglomeratiot^ which 
may be very pronoun(^. " 

Such devices are not suitable for sampling in the presence of explosive 
gases. 

m. ANALYSIS 
Genml 

The atmosphere contains such an enormous number of substances, in 
con<xntrations whkh vary so greatly over the course of time, that continuous 
determination of its exact composition may be regarded as a problem which 
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will remain very difficult to solve. The analyses which are made more or 
less daily concern only certain impurities known or suspected to be present 
in the air, and these represent only a small proportion of the total number of 
foreign substances dispersed in the atmosphere. 

At the present time, there are not always analytic al techniqu<y a vailable 
for dealing with the sp eoiri -ferms and low concennftions of many atmo- 
spheric pollutants, but nevertheless even today it is possible to gain much 
useful information concerning a substantial number of pollutants by using 
analytical methods developed for other purposes. 

It is the task of the analyst to obtain as much data as possible on the 
nature of the pollutants at the point selected for sampling. In some cases it 
may suffice to know the concentration of certain radicals or functional 
groups present in the sample. In other cases, however, apart from a know- 
ledge of the chemical composition of the pollutants found, it may also be 
useful to know their physical nature, and consequently the sample should 
be collected in the form most suitable for the suteequent analytical Investi- 
gation. 

Since the aim of analysis in the sponal field of air pollution is to obt£Hn 
information which can give an over-all picture, even if only an incomplete 
one, of the whole problem it is evident that certain requirements should be 
satisfied as regards concordance between the sampling and analytical 
techniques. These requirements are as follows : 

(1) the efficiency of the sampling device used should be known as 
accurately as possible; 

(2) the sampling device chosen should cause the minimum of change in 
the composition of the various substances to be detected; 

(3) the iipparatus should be sufficiently clean and the reagents sufficiently 
pure to give J>lank determinations which are lower than the lowest suspected 
concentrations of the substances sampled; 

(4) the sampling method should supply the analyst with a quantity of 
pollutants within the quantitative limits called for by the sensitivity of the 
analytical technique to be used; 

(5) the methoids employed for the determinations should be as sensitive 
as possible and their repeatability shouRTbe^atistacloiy. 

Other special difficulties are ccimecied with the choice of analytical 
method, when there is not sufficient information on the conditions under 
which the compound to t>e examined may occur, »nce every analytical 
technique has its limitations, of which the most important are those relating 
to the concentration of the compound to be detected and the presence of 
interfering substances. 

For all these reasons, a preliminary r^nnaissance is advisable, using 
various analytical methods, such as microscopic methods, analytical methods 
based on the absorption of infra-red and ultraviolet light, emission spec- 
tro^phic methods. X-ray diffraction and polarography— all of which 
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unfortunately require, in addition to a specialized and skilled technical staff, 
special, high-precision equipment. On the other hand, the importance of 
the problem of air pollution is such as to warrant special consideration 
and the confrontation of all difficulties, no matter of 'vhat type they may 
be. 

The very large variety of methods which have been applied, or which have 
possible application, to the analysis of atmospheric samples can be divided 
into three basic groups— namely^ chemical methods, instrumental methods, 
and biological methods 

Since the second category is the one with which we are most concerned 
here, this report will deal only in general with the first and third groups, 
devoting more space to the field of analytical instrumentation as applied 
to atmospheric investigation. Of course, it will not be possible to describe 
in detail any particular instrumentTTor in view of the large range of instru- 
ments of all types on the market this would call for a separate examination 
of ^ach example followed by a comparative study, which would require a 
special treatment beyond the limits of the present paper. 

Aittlytical Metiiods 

Cbemical methoib 

In genend, quantitative methods of chemical analysis can be subdivided 
into: gravimetric methods; volumetric methods (acidimetric and alkali- 
metric methods, oxidation and reduction methods, precipitation methods); 
colorimetric methods; nephelometric and turbidimetric methods; and chro* 
matographic methods. 

Gravimetric methods 

Gravimetric methods of analysis are based on the principle of isolating 
the substance to be assayed in the form of one of its compounds which shows 
the maximum insolubility under the test conditions and has a known chem- 
ical composition. The weight of the compound is then determined and 
from this the quantity of the substance concerned can be calculated. Some- 
times, however, the substances to be determined are already suitable for 
direct weighing so that in this case the assay involves only the direct determi- 
nation of their weight. Gravimetric methods comprise the r.iost simple 
analytical techniques, and can be used for: 

(I) The determination of a gas (sensitivity approximately I mg). The 
methods may be applied to substances adsorbed on silica gel, activated 
charcoal or other adsorbents, by weighing the quantity of precipitate ob- 
tained with given reagents (as in the case of sulfur dioxide, which can be 
determined by weighing the sulfate precipitated as barium sulfate). Very 
lar^ samples are usually required. 
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(2) The determination of dusts and soot collected in sedimentation jars 
following long sampling periods (of the order of 30 days for example) 
(sensitivity approximately 1 mg). 

(3) The determination of particulate matter dispersed in the air (sensi- 
tivity 0.1 mg), sampled by collection on filter paper, by means of the impinger 
or electrostatic precipitators. Here too, rather large samples are necessary 
and the use of the micro-analytical balance may be required. 

Volumetric methods 

In volumetric analysis, the components are not weighed but determined 
by means of reagents of known concentrations. As has been mentioned, 
these methods iiiclude: 

(1) Alkalimetricandacidimetric methods for the determination of bases 
and acids, using solutions of an acid or a base, respectively, in the presence 
of indicators which undergo a colour change according to the alkalinity or 
acidity of the medium. (Substances used as indicators are electrolytes, 
generally weak acids or Imses and in the undissociated state — that is, when 
they are electrically neutral— their colour should differ from that of their 
ions.) 

(2) Oxidati'jn and reduction methods which are based on the oxidation 
or reduction of the compound to be analysed by means of a standardized 
substance, the quantity of oxygen given up or consumed being measured 
according to the colour change developed in the reaction, in the presence or 
absence of an indicator. 

(3) Precipitation methods (suitable in particular for assaying the halo- 
gens) in which use is made of silver nitrate solutions of known strength 
which precipits^e the halogen in the form of silver halides. 

Acidimetric and alkalimetric methods can be us^ for the volumetric 
determination of acid and basic substances and are very sensitive, being 
able to detect less than 0.01 p.p.m. by volume of the gas stream sampled. 
They call for large samples. Examples of these methods are the determina- 
tion of sulfurous anhydride, oxidized to sulfuric acid, and of ammonia, by 
means of direct titration with standard solutions of sodium hydroxide and 
sulfuric acid respectively. ____ 

Other gases can be determined with a sensitivity exceeding 0.01 p.p.m. 
by volume, by means of iodometry (oxidation and reduction), particulariy 
in atmospheres of known composition, using samples obtained by absorp- 
tion, as in the case of sulfuric anhydride, chlorine, akiehydes and oxidizing 
agents. For the last mentioned, this is perhaps thw most sensitive and 
advisable method. 

Finally, the halogen acids in particular (hydrochloric acid, hydrofluoric 
acid, hydriodic acid) and their salts can be assayed by prrcipitation, but the 
reaction is not suflkiently sensitive to be of wide application. 
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Color metric methods 

Colorimetric methods are on the whole the most satisfactory type of 
determination among the various analytical procedures known today. A 
very large number of elements, radicals and organic compounds form 
coloured complexes with special reage nts, and such colorimetric reactions 
are sometimes sufiiciently sensitive to detect even the most minute traces of 
the compounds which are being sought. Naturally they call for the use of 
suitable and more or less sensitive apparatus for determining the intensity 
of the coloration produced, such as visual, filter or other types of photo- 
meter, photo-electric apparatus using photo-cells or photo-tubes, indicators 
or recorders. This might therefore seem to be more a branch of instnin'.^nt- 
al analysis, but since the colorimetric techniques have entered into very 
extensive use they can now be considered as simple chemical methods. This 
is all the more true in that they involve only the instrumental measurement 
of actual and speci&; chemical reactions, and sometimes also normal titra- 
tions with special indicators. They can be used for the analysis of gas and 
particulate matter, sometimes with a sensitivity of less than I |ig, but occasion- 
ally they require large samples and difficult separation and concentration 
techniques for the compounds to be examined. 

The colorimetric tests include some of the best assay methods, particu- 
lariy in the analyds of metallic vapours or dusts, formaldehvde, oxides of 
nitrogen, ammonia, chlorine, hydrogen sulfide, fluorine, carbon monoxide, 
carbon dioxide, as well as many other organic and inorganic compounds. 
Sulfurcms anhydride, for example, can be assayed with a sensitivity of 
0.001 mg, by measuring the violet colour produced by the reaction of 
benzidine sulfate with N-l-naphthyl-ethylenediamine hydrochloride. 

Nephelometric and turbidimetric methods 

Nephelometric and turbidimetric methods involve procedures in which 
the precipitates, obtained by means of spmfic reactions, are quantitatively 
assayed by optical measurement of light psismng through the corresponding 
suspenMons. They are suitable for the determination of gas and particulate 
matter, do not require sp^^ially large air samples and find their best applica- 
tion in the determination of sulfurous anhydride (by means of precipitation 
as barium sulfate and estimation of tltt turbidity produced by the precipitate 
with a sensitivity of 0.005 p.p.m. by volume) and of chlorine (which is preci- 
pitated as Silver chloride, likewise with a sen^tivity of 0.005 p.p.m. by 
volume). 

Ctmnmtographic methods 

Chromatographic methods make possible the sei^ration and identifica- 
tion of many substances by means of adsorption on adsorption columns, or 
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on specially sensitized paper, followed by the elution of the various com* 
pounds adsorbed with selective solvents. In this way, the components of 
complex mixtures can be separated without undergoing any chemical change. 
Traces of inorganic ions can be detected by such methods with extreme 
accuracy and with considerable saving in time and material as compared 
with other methods. 

The sensitivity of such methods is very high (sometimes less than 1 {xg) 
and furthermore they are suitable for any kind of substance. They are 
particularly useful, however, for metals and volatile organic compounds. 
Their application to air analysis is still in the initial stages although they 
are alr^dy being extensively used in special cases — for example, the deter- 
mination of benzpyrene in urban atmospheres; 

Instrumental methods ^ 

In order to ensure analytical specificity, selectivity and sensitivity, 
methods are required which are based on clearly defined physical principles, 
as well as apparatus designed for the exact application of such principles. 

In general, instrumental analysis is the application to analytical chemistry 
of special physical and physico-chemical methods. Such methods are find- 
ing an ever increasing application because of the extreme rapidity with which 
they enable certain types of analysis to be carried out (otherwise too long 
and complex if the ordinary methods are used) and because of their efficiency 
in cases where the cla^ical methods generally give unsatisfactory results. 
In principle, however, it is not possible to make a fundamental distinction 
in classification between instrumental and non^instrumental methods. Even 
the simplest of the chemical methods— namely, gravimetric determination — 
also calls for the use of an instrument — the balance — which, although its 
employment is of a routine and elementary nature, nevertheless remains an 
instrument. Furthermore, as we ha^^ s^n, colorimetric, lu^phdometric and 
turbidimetric determinations also require the use of sensitive instruments for 
assessment of the intensity of the colour or turbidity (produced by |iven 
reactions), by measurement of the light absorption caused by the particles 
suspended in a liquid (turbidimetry) or measurement of the intensity of the 
light dispersed by a suspension of particles in a liquid medium (nephelo* 
mctry). 

Determinations of pM and salinity are sometimes nece^ry in the ana- 
lysis of air, using samples obtain^ by absorption of the gas phase under 
study in the simplest of absorbing media — namely, water-^ as to determine, 
for example, the concentration of certain acid or alkali mists or the amount 
of salts, such as sodium chlorkle, in suspension. Potentiometric titration is 
us^, for instance, in the analysis of atmosphere containing sulfides or 
meiraptans, and in this method titt indicator is replaced by the electromi^ive 
force developed between a reference electrode and a measuring electrode. 
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Both these methods form part of a group constituting that branch of ana- 
lytical chemistry which is known today as " electro-analytical chemistry 

This latter makes use of the phenomena which occur in an electro- 
chemical cell (that is, a cell consisting of two metal electrodes— of the same 
or different metals— immersed in the same or two different electrolytes and 
connected to apparatus suitable for the exchange of electric energy with the 
cell). According to the particular case, the behaviour of the cell is deter- 
mined by measuring the various electrical quantities involved, namely: 
- (I> the amount of electricity flowing in the circuit of the electrochemical 
cell (coulombometric method); 

(2) potential difference in the electrochemical cell (potentiometric and 
potentiometric titration methods); 

(3) current flowing in the electrochemical cell circuit (amperometric and 
amperometric titration methods); 

(4) current-potential difference (voltametric methods, which include the 
polarometric methods); 

(5) resiStaiHe, or better its converse, conductance, of the electrochemical 
celt (conductometric and conductometric titration methods); 

(6) dielectric constant (high frequency methods); 

(T) other methods (elcctrogravimetric, electrolytic separation methods, 
etc.). 

In view of the fact that optical determination methods, in colorimetri:, 
nephelometric and turbidimetric analysis, as well as the electrochemical 
methods, art in constant and routine use as auxiliaries to the normal methods 
of chemical analysis, we shall describe in this chapter only those instrumental 
m:ti)ods (and the fundamental information they provide) whose complexity 
is such that they still represent special means of research, not J^ct in routine 
use, but whbse af^lication to the field of air polhition can bring about 
signiiicant advances in o|ir knowledge and in the solution of the problem 
itself. These methods are the following: emission spwtrometric methods; 
absorption sp«Jtrometric methods (spectrophotometry) in the ultraviolet 
and infra-red regions; X-ray difTraction methods; mass sp^^rometric 
methods ; polarometric methods (polarography) ; methods employing micros- 
copy; refractometric methods; combustion or thermal conductivity methods; 
other instrumental methods (radioactivity, sound absorption). 

We shall deal in a separate section with automatic (recording) apparatus 
for sampling and analysis. 

Emission spectrometric methods 

The general definition of spectrometric methods includes all techniques 
tased on the phenomena of emission or absorption (and possibly the related 
fluorescent re-emission) of electromagnetic radiation in the visiBTe, infra-red 
and ultraviolet regions of ihe spectrum. For obvious reasons, we shall not 
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deal with spectroscopy— although this is first in chronological order— and 
shall limit ourselves to spectrometry and in particular to spectrometric 
emission methods. The fundamental principle upon which such analytical 
methods are based is that any element, when in an excited state, has its 
own special emission spectrum, so that emission spectrometry is widely 
used to determine the composition of mixtures or compounds and is indis- 
pensable in the exploratory examination of particulate matter. 

Emission spectrometry can be applied to the analysis of more than 70 of 
the known elements. The alkaline and alkaline-earth elements can be 
detected with the highest attainable sensitivity— namely, down to 0.1 p.p.m. 
by weight of the quantity of substance examined — while some 40-50 other 
elements can be detected with a lower degree of sensitivity, ranging frgta 
to to 1 p.p.m. by weight. This analytical technique, by now well established, 
requires high precision apparatus for its application. Such apparatus con- 
sists of: (a) a source of radiation; (b) a means of splitting up the radiation, 
.which may be cither a prism or a gifting; and (c) a receptor, which can be 
either a photographic plate, as in the case of the older spectrographic equip- 
ment, or a series of photo-tubes, as in the more modem spectrometric 
apparatus. 

Spectrometric analysis (quantitative) involves the spectroscopic character- 
ization (qualitative) of the elements^ based on identification of the charac- 
teristic lines in their emission 'spectrum. Such identification can be made 
by means of a comparator microscope for measurement of the distance be- 
tween the lines themselves, while quantitative determination is based on the 
consideration that the energy emitted for a given spectral line of an element 
is proportional to the number of excited atoms and cons^uently to the 
concentration of the element in the sample. 

In air analysis, spectrometric emission methods are applied mainly in 
research work, especially for the identification of the elements pi^sent in 
particulate matter. The method is particularly indicated for beryllium, 
sodium, potassium, calcium, lead, cadmium and antimony. 

Absorption spectrometric methods (spectrophotometry^ 

Spectrophotometry, based on the absorption of a certain range of electro- 
magnetic radiation in the visible, ultraviolet and infra-red regions of the 
spectrum, is one of the most important of aM instrumental methods of ana- 
lysis and is consequently of potential value for the analysis of i mpurities in 
the atmosphere. Absorption in the visible spectrum is the basic principle 
of the methods of measurement applied in colorimetric and turbidimetric 
analysis, which, as has been seen, can be applied to the analysis of both 
gaseous and particulate matter. These methods are frequently sufficiently 
specific, althougli it is sometimes necessary to isolate and concentrate the 
compound to be examined so as to avoid interference by other compounds. 
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The absorption varies with the wave-length of the incident radiation, so 
that measurements should be carried out^5ithei^^ith.xnoaochrQmatie ligtit 
or with light having a limited spectrum, which can be produced by using 
special light tilters. The wave-length of the beam emerging from the source 
of radiation is suitably adjusted in this way and then passes through a layer 
of he substances to be examined, while the intensity of the non-absorbed 
radiation is determined with a suitable detecting apparatus. 

In^the visible region of the spectrum, the concentration of a coloured 
substance analysed spectrophotometrically can be derived from the Lambert- 
Beer relationship, according to which light absorption is proportional to 
concentration, when the layers analysed are of equal thickness. However, 
spcctrophotometric methods can also be applied to the analysis of colour- 
less substances by studying absorption in the ultraviolet region of the 
spectrum, but this method is not satisfactory for the analysis of compounds 
present only in traces. 

The difficulties in practical application to atmospheric analysis are thus 
inadequate sensitivity and tfc*^ interference arising from the presence of 
mmierous other substances in the atmosphere. Nevertheless, good results 
can be obtained in the analysis of impuritiesin industrial atmospheres and 
in gaseous effluents when the determination is carried out directly on the gas 
stream or-wheft-suitable sampling devices are employed after the gas has 
been waAed. In general, such methods are suitable for organic substances, 
in particular benzene and aromatic compounds. Infra-red sp«:trometry is 
more successful, on the other hand, since^it can be applied lo either solid, 
liquid or gaseous substances. 

So far, most of these applications have been restricted to the field of 
research, but it is to be hoped that these techniques will have wider practical 
application, in view of the following advantages: 

(1) all the molecules of a substance in the solid, liquid or gaseous state, 
as well as in solution, have a characteristic infra-red spectrum: 

(2) a single spectrogram can serve to identify at one and the same time : 
the radicals, the elements with which they are substituted and tteir position 
in the molecule; 

(3) the spectrum shows both the nature and the quantity of the substance 
being analysed; 

(4) this gives an indication of the degree of purity of the sample prepared ; 

(5) the techniques used are very simple; 

(6) only relatively small samples are required. 
However, it should also be borne in mind that: 

(1) the sharpness of the spectrum decreases with increasing molecular 
weight; 

(2) in the present state of this techniquef we have not sufficient know- 
ledge to classify all the possible absorption bands, so that in many cases 
pure, standardized reference samples are necessary; 
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(3) traces of impurity show up only if their absorption is high; 

(4) dilute solutions are difficult to analyse unless the substances present 
are strongly absorbent. 

Samples for infra-red spectrophotometric analysis often call for consider- 
able preliminary chemical manipulation and, with few exceptions, natural, 
untreated gas samples are not very suitable. The impurities must often be 
concentrated or isolated by means of absorption or cooling, or a combina- 
tion of both, and in this way«xceptionally high sensitivity can be attained, 
as in the case of ethylene, which can be detected in concentrations as low as 
three parts per thousand million of air by volume. 

Other substances present in the atmosphere to which this type of analysis 
can be applied are: (a) mixtures of estet^, aldehydes or alkalis, sampled by 
adsorption on charcoal, followed by condensation using an ice-salt cooling 
mixture or dry ice, and subsequent extraction with carbon tetrachloride; 
(b) chlorinated hydrocarbons, sampled by fractional condensation — ben^ne 
and hydrocarbons; and (c) carbon dioxidej^ carbon monoxide, hydrocyanic 
acid, water vapour, ozone. 

Still in the field of spectrophotometric analysis, it is possible to make use 
of a phenomenon shown by Qsrtain substances — namely, the re-emission of 
the light energy absorbed in the form of a fluorescence, whose intensity is 
measured. By means of this measurement of fluorescence it is possible to 
analyse trace amounts of certain kinds of at mosphcri v-eefai^onents, but it is 
sometimes necessary to eliminate interfering substances so as to ensure the 
specificity of the determination. 

The sensitivity obtained with this method is often less than 1 pig. To 
date, it has been used for the detection of beryllium, antimony and hydro- 
fluoric acid. 

X-ray diffraction methods 

These are suitable for the qualitative and quantitative analyses of 
crystalline substances, such as certain mineral dusts which can be present 
as a suspension in the atmosphere. However, X-ray diff'raction methods 
should be considered rather as analytical procedures ancillary to other forms 
of analysis, such as emission spectrography or the methods of analytical 
chemistry. It is of particular interest that the sampler used for such analyses 
can be recovered and used for other determinations employing other 
techniques. 

X-ray diffraction methods also form part of the spectrometric methods, 
but while the latter involve measurements ranging from a wave-length of 
jp \L (extreme limit of the infra-red) to 0.2 y. (extreme limit of the ultraviolet) 
X-ray difl'raction measurements involve A^ve-lengths of the order of 
0.0001 ( The sensitivity of such methods thus arises from the great pene- 
trating power of X-rays, also as regards solid bodies which are opaque to 
any other form of radiation. 
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It is known in feet from mineralogy that crystals can serve as difftaction 
gratings in the study of X-rays and that each crystal has its own particular 
diffraction pattern, so that it is possible to identify unknown substances by 
comparing their diffraction patterns with those of known substances. 
Quantitative determinations are sometimes possible, based on measurement 
of the intensity of the diffraction liwis after having photographed them on 
a film. Nevertheless, these methods arc mainly of qualitative interest since 
their quantitative sensitivity does nut exceed one per cent of the substance 
examined. Moreover, they require very large samples and considerable 
practical experience on the part of the investigator. They arc employed 
principally for the detection of quartz crystals in the air. 

Mass spectrometric methods 

Mass spectrometry is based on the principle that if a gas is ionized by 
means of electric discharges, and if the coUimated beam of p<»itive ions 
produced is subjected to the simultaneous action of an electric fieW and a 
magnetic field at right-angles to e^h other, then the ions are deflect^l from 
their initial jtrai^t-line dir«Jtion of pr<^^tion and become distributed 
along a curve, the deflation being proportional to the mass of the ions. 
The result ts a mass spectrum, and the apparatus which records it on a 
photographic plat^ bears the name of " mass spectrograph while a " mass 
spectrometer " is an apparatus in which the radii of curvature of the paths 
of the various ions can be altered by changing the speed of tire ions or the- 
intensity of the magnetic field. In this way the nature and die quantity of 
the various kinds of ion can be ^tcrmined by measuring the current flow- 
ing in a collating circuit when tbt radius of the paths is changed 

Mass spectrometry has recently arous^ .omc interest in connexion with 
the atmospheric poUuticn caused by peliOleum refining, because df its 
rapidity and satisfactor sensitivity at the concentrations of waste ps 
involved. Naturally, t^ts method calls for a wide knowledge of mass 
sp«:tra in order to make comparisons and identifications. The samples 
need not be very large, but it is ^ntial to isolate and concentrate the frac- 
tions to bp examined and to convert these into gaseous form. 

The method can be us^ tor tiie identification of toxic gases with a sen- 
ativity of 100 p.p.m. by volume with samples of only 50 ml of air. The 
sensitivity can be considerably increase u^ng sMiples concentrated by 
cooling, and in this way a sensitivity of 0.001 p.p.m. by volume can be 
iciushed in the case of certain compounds. The method is ifseful in particular 
for hydrocarbons and compounds of hy^^rocarbons with chlorine, nitrogen 
and oxygen. 

Polarographic methods 

Among the electrochemical methods of analysis listed at the be^miing 
of this chapter must also be mentioned one making use of Ihe chemical 
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Phenomena which occur in an electrochemical cell, and based on interpreta- 
tion of the ratio between current i[ndi>GtentiaI difference; This method is 
generally referred to as voltametry ^r polarography, in the particular 
case where a dropping mercury electrode is used. In the polarograph, the 
voltage applied to the cell is regulated by means of a potentiometer and the 
current whictrpasses through the cell is i^ad on a galvanometer. These 
methods are applicable to the determination of any substance which can 
be reduced or oxidized, so that they can be used to identify a large number 

_ of org anic an d inorganic compounds. 

To obtain the maximum sensitivity and specificity, various chemical 
treatments are necessary in order to isolate and concentrate the sample, 
although the simultaneous determination of several compounds is some- 
times possible. Sutetanc^ such as the following can be analysed polaro- 
graphically: antimony, arsenic, benzene, bismuth, cadmium, chromium, 
cotmlt, copper, formaldehyde, lead, manganese, nickel, oxides of nitrogen, 
thallium, tin? titanium, vanadium, and zinc. 

Furthermore, it is possible to distinguish between a certain number of 
aldehydes and ketones (formaldehyde, aeetaldehyde, butylaldehyde, croton- 

— aldehyde, acetone, methylis tbutylketone, cyclohexanone) in semi-cirbazide 
solution. A sensitivity of O.I fjig of akiehyde per mj of solution can be 
attained. 

Methods using mk oscopy 

The use of microscopv in air pollution research is limited to the examina- 
tion of particxilate substances of all types for counting the particles them- 
selves, measurement of their size, and opticid observation of their surfaces. 
In this way the following can be examined: tarry matter, small drops of oil 
or water, crystals such as quartz and ammonium sulfate, nitrates, sulfates, 
halides, and ammonium carbonates. 

J^croscopy is sometimes combine with chemical procedures for the 
prej^ration of precipitation sample** and their crystallization. According 
to the type of appa^^atus used, particles with diametei^ as small as 0.2 fi. can 
be detect^, and with the use of the electron microscope, which ^tends 
sensitivity to as low as SO A ^ O.OOS (x^ it is possible to study even smaller 
particles present m the atmosphere. While the non-electron microscope 
gives quantitative results only as regards the number and size of the particles, 
the electron microscope, although requiring a difficult and special preparatory — 
technique, can yield an absolute analysis of particulate matter, since such 
apparatus can also be used for X-ray diffraction measurements with very 
small amounts of substance. 

Refractomeirie methods 

These are based on the use of the refractometer for determining the 
refractive index of the sutetance under study. The technique is of limited 
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application in air analysis, because of its lack of specificity and sensitivity. 
It can be used solely under conditions in which only one or two known 
vapours or gases are to be determined whose refractive indices are suffi- 
ciently different from that of air to permit a certain degree of accuracy 
at the lower concentrations. 

Refractometric methods can be used for the analysis of emanations from 
- waste gas pipes and in areas very close to the source of pollution. In this 
way, variations in the refractivity of the air due to an unknown proportion 
of vapour or gas present in it can be determined and, on comparing these 
values with the unit of change in refractivity — that is, the change caused 
by the presence of 1% of vapour or ^ in the air at 25° C and 760 mm 
Hg (using standardized samples for the various substances)- ♦he percentage 
present of the substance concerned can be determined. 

Thci il conductivity methods : conAmtion 

Since the measurement of the thermal conductivity of gases and vapours 
cannot serve to identify the gas, but is only a method for evaluating the 
concentration of knowfi substances, procedures based on such measure- 
ments do not have a very wide application. They give only an over-all index , 
of the thermal conductivity of a gas mixture and consequently can only be 
applied to those cases where the conductivity can be measured before and 
after eliminating a paiFticplftf-constituent, so that the latter can be deter^ 
mined from the difference. 

^ In certain ca^, however, it is gossible 'to use a co mbus tion apparatus 
known as an explosimeter, which gives the concentration of vapour or 
gas as a percental with resp^ to the minimum explosion limit. In 
this method, a filament is electrioilly heat^ in special apparatus to a 
temperature at which tlw gas or vapour becomes oxidized and bums at th^ 
surface of the filament. In other cases, chemicals are used to bring about 
catalytic oxidation of the The energy developed during oxidation 
(combustio n) is then measured with a thermocouple. This is the method 
most used ^or determining carbon monoxide, but even in this case there is the 
difficulty of dilution. 

Such methods are consequently of little value for work on air pollution 
and, as had been said, are limited to the industrial analysis of gaseous 
effluents. 

Other instrumental methods 

Radioactivity, Analytical methods based on the measurement of radio- 
activity have also been used in atmospheric analysis to detect substances 
and impurities present as traces. There are tWw oasic methods for the 
measurement of radioactivity, deriving from the dilution and activation 
techniques^ respectively. ^- - 
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In the first case— that of dilution— the elem'^nt to be detected is 
diluted with one of its radioactive isotopes and the specific activity of the 
diluted sutetancc is subsequently measured with a detector. This method 
calls for the jsolation of a measurable amount of substance and is con- 
siderably upset by impurities and by samples which are not well selected. 
As regards air pollution, it is used practically only to measure the <fcfficiency 
of smoke filters. 

The second method— activation— is perhaps the most sensitive of 
all known analytical methods. It consists in the artificial transformation 
of the substances under examination into tteir radioisotopes and subsequent 
measurement of the quantity of disintegration product. This method is not 
subject to interference, because of the invariability and specificity of the half- 
life periods of the radioisotopes. However, as always in complex analytical 
methods using instruments, the greatest difficulties are those i.nvolvcd in the 
sampling, manipukilon and preparation of the samples, apart from the 
problem of obtaining technical personnel with sufficient experience in this 
field of analysis and research. 

Sound absorption. This method of analysis is used for measuring particle 
size. It is based on the fact that particlcb subjected to the influence of a 
sound field of a particular frequency are affect^ by those vibrations whose 
amplitude is related to their size. The insfriiment used for this purpose 
consists of a sound generator which can be adjusted to the desired frequency, 
a thin observation cell, towards which the sound is directed and into which 
the sample is introduced, combine! with a lighting system and a means of 
observation or photojraphk: recording. The photograms obtained show 
the paths corresponding to tbeAdbratocy movements of the particles, and by 
measuring them the particle sizes can be determined. However, very dilute 
samples are nece^ry, since only a few particles should be present in the 
tell if clear and interpretable photograms are to be obtained. 

Conclusiopts 

From the preceding it can be seen how the same substance can be deter- 
mined ty a variety of methods. It is the task of the analyst to mate a 
critical comparison of the various possible method&^hich can be applied. 
Some proqrfures are very suitable for routine work ar ! not practicable for 
research work, and vice vcrsa^ JNto precise rules can be laid down for the 
choice of the method and means of analysis, except that those procedures 
should be select^ which give the best " accuracy and highest " sensi- 
tivity the highest " selectivity *' and the best ** precision '\ without for- 
getting that rapidity of analysis is also an important factor. 

The " accuracy " is the sum total of the errors— absolute or relative— 
which can influence the results of an analysis. It should not be confused 
with " predsion which represent^ the repeatability of the experimental 
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results. Sensitivity expresses, as an absolute quantity, the minimum 
amount of sudstance which can be analysed, or the minimum analysable 
concentration in a solution or ia any other m^ium <^^ispcrsion. Thc^ 
" selectivity of a method is shown by enumerating those substances which 
interfere with it.^ — 

It is difficult to find a combination of all these properties in their highest 
degree in one and the same metlicd. However, it is probaUe that by com- 
bining a wide range of techniques optimum results can be obtained. In the 
field of air pollution, nevertheless, there is always the inherent difficulty of 
sampling, as already discussed. 

Under certain circumstances, calling for repeated analyses in order to 
determine the behaviour of a source of |K>!lution and study its effects with 
respect to time, automatic, continuous recording apparatus are of value. 
These instruments combine the functions of sampling and anaijsir in the 
same apparatus. Although such apparatus is not usually extremely accurate, 
nevertheless it furnishes graphs which c^ be of great value in directing the 
research worker towards more-specific tests employing discontinuous 
sampling and analysis, under the conditions indicated as the most interest- 
ing ones. 

Apimratus of this type is constructed on the basis of the (Siemicai, ekctro* 
chemical, optical and other principles already enumerated. It can be 
applied for research both on gaseous substances and on particulate matter. 

In this field, most attention has certainly been direct^ to sulfurous an- 
hydride among ^tseous impurities, ^tiee it is the mc^t widespread and the one 
-^v^Hch^per^^s^as^^ven rise to most incidents and disputes. One of the most 
D^idel^used automatic analysers for the determination of sulfurous anhydride 
is the Thomas autometer, which measures the ete^rical conductivity of the 
sulfuric acid solution produced by the oxidation of sulfurous anhydride 
followingabsorption in dightly acidified water containing hydrogen peroxide. 

There are two versions of this apparatus, an accumulating and an 
instantaneous model. The accumulating types r^ord (^mdu^ivity con- 
tinuously for absolution periods of 30 minutes, while the instantaneous 
types record the concentrations at two-minute intervals. Both types can be 
combined into a third or mixed " type, in which the concentrations are 
determine at intervals of two minutes, as well as the average concentra- 
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(iuantity of KibManoe, asan ahsotnu value, w^i^eaii be aiiaiyied,iiHiile in the second case it 
mms the nunimtflD concntration of sabattmee niii^ ma be detected in a faseous miiuafe, 
whether waste fas OT the atsu^ihere. Thtis the ei^Messioii partt ^ ^lUon uidieates the 
numberof cubk centtflMties of substance under exainiiiatioo per cubic metre of gsseotisaiixtuie, 
under normal conditions of tempcratme and p ressure i. e., C C and 760 mm Hg. 
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tions over 30-mmute imcrvals. - Since, however, many gases or aerosols yield 
an electrolyte in solution, such apparatus measures the total pollution and 
not only that specifically due to sulfurous an**ydridc, although the total is 
-.^C2tpK^cd in terms of the latter. ^ 

Another apparatus, the t;i*ilog, also measures sulfurous aiiliydride 
down to a conccntrati^m ol 0.02 p.p.m. by volume, by means of oxidation 
of the gas stream in an electrolytic cell in the presence of bromine. A^in, 
this apparatus is sensitive not to sulfurous anhydride alone but also to many 
other gases which can be oxidized, such as hydrogen sulfide, mercaptans 
and unsaturated hydrocarbons. On retracing the bromine by a starch- 
iodide solution and titrating the oxidtzri>fe substance photometrically, 
better selectivity is po^bte, rince iodine is less reactive than bromine with 
such substances. Even in this case, however, it is not possible to eliminate 
all interference, at least as regards hydrogen ^tfkte. 

With sui^Ue modifications, hottwvcr, such ^paratus can be us^ i.t a 
more sdcctive manner, io th^ the titrilog can also ^ve values for hyd' 
gen sulfkie and the mer^ptans and the autometer can detect any s« • 
stance which gives an electrolyte in water, cither dire<^y or after combu^ion. 
Thus, the autometer can be usrf to d^rmine hydrogen sulfide with a 
sensitivity of 0.01 p.p.m. by volume, following the production of sulfurous 
anhydride by a)mbustion the hydrogen sulfide on a platinum filament 
electrically heated to 550** G. The same aiq>aratus, with lower selectivity 

and sensitivity, howv^, can also be for measuring the anaount of 

hydrofluoric acid present in the ain 

For the latter omtpound another analysing apimratus has been deve- 
loped with a sensitivity of 0. 1 parts per thousaml million by volume of hydro- 
fluoric acid, which records t»ie quantity of hydr(rt«>ric acid by measuring 
the fluorescence w.ixh ilie latter i^oducs with certain magnesium salu. 
Other «iuipir '^t can give the concentration hydrogen sulfide by measuring 
the variations in the intensity of light transmit^ through |4up imfmgnated 
with lead acetaie during the passage of a gas sti^m containing hydrogen 
sulfi<te. It is possible in this way to cover con^ntrations ranging fnmi 
0.1 to 500 p.p.m. by volume. 

Recording analysers are also apfrtkd for the analyas of oxidanU ((^ne, 
oxides of nitrogen, chlorine). Such apparatus m^isures electrom^rically 
or photometrically the amount of iodine liberated from solutions of potas- 
sium iodide tt^ oxidants. 

An automatic instnuMnt, the micros^or, can detect and measure 
many kinds of gaseous impurity in amount as low as 0.1 i^g/l. It consists 
of a colorimetric c<^ii»rat<^ which meases tte colotir chai^ produced 
on paper seinitized with special reagenu. It is intermittent in action, with 
cycla varying according to the sp^ of reaction of the suostanm to be 
detected with tte sensitizing reagenu. In general, these cydes do not exceed 
10 seconds in len^h. 
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Particulate; matter can also be dealt with by recording apparatus. In 
these instruments, the intensity of light dispersed in the atmosphere owing 
to the presence of particles is measured and the visibility recorded directly. 
It is pos^t^ to relate these measurements of opacity to the fmrticle concen- 
tration and size, following suitable calibration ef^he apparatus. The same 
principle — namely, m^urement of the intensity of th e light disper sed in the 
atmosphere owing to the presence of particles — is also made use of in 
apparatus counting the number of particles present, although the sensitivity 
of such measurements is rather low. The eleettostatic princif^e is also 
^applied to the continuous counting of {Articles, by measuring iht impulses 
produced by the particles settling on the imtailic filament which acts as 
precipitator. In^niments of this type are sensitive to particles 2.5 [l or 
more in diameter 

A modification of the autometer already mentioned makes it possible 
to record the quantity of sulfuric acid pment in the air in the form of aero- 
sol This apparatus is provided Math an el^rostatic precipitator consisting 
of a rotating stainless s^l disc which collects the sulfuric acid droplets and 
is washed a continuous stream of water. In this way, a solution is formed 
- ^hose conductivity is measured electrolytically. Naturally, this apparatus 
also measures any other acid mist and can be specifk: only if placed near a 
known source* 

Another example of a sampler and analyser is a monitor for atmo- 
spheric ituiioacti^t^, in whk^h the aerosol is d^,posi^ electrostatically on 
the sampling device, connected to a continuous .xcording radiation counter. 

InfriiMfUl Methafa for the cotnJ irfraftwcthi^ 

Among the caus» of air pollution, those arising from radioactivity are 
becoming increasingly important, both because of the growing number ^ 
of industries em|doying radioisotopes and because of the development 
of nudear planU (both for powe<* and for research), with the cons^uent 
production erf' fUsile materials, decontamination of waste matter, etc. 

Ionizing radiation causing pollution can vary very widely in type— that 
is, electromagnetic and corpuscular radiation, comprising alpha rays, beta 
rays, pmma rays, X*rays, f^ton beams^ electron b^ms,^l(^ neutrons and 
fast iKUtrriu. Exposure to such radiations may cause considerable harm 
to living tissue, so that it is becoming increasing necessary to employ 
suitable detectors in order to afford some protection apinst the possitrility 
of harm of this kind. The probtem is so important, and the feliatriKty of thie 
indications ^ven by these detectors ii such that ocoisionally, partknilarly 
in the case of measuring insTnimemlmtalled near sourm of pollution, they 
are fitted with alarm ^gnals which are set off li^enever the radiation level 
exceeds— in the zone under control— the danger Mt which has been esta- 
blfshed for the various forms of radiation. The problem is rendered part- 
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icularly complex by the uncertainly of the definitions of the measuring units 
(both fundamental and derived) used for radiation and of the basic concc|Hs 
related thereto. The physical nature and intensity of the radiation also 
present other difficulties, as does our still very slight knowledge of the results 
of the interaction between radiation and matter and its effects on the living 
cell and tissues. 

Among measuring instruments in this field (including pocket control and 
safety detectors for plant personnel) the following may be listed: ionizing 
chambers; Gciger-Mullcr counters and proportional covntcrs; scintillation 
detectors;- photographic detectors; chemico-colorimetric indicators; and 
colorimetric measuring instruments. 

Biological oMtkods 

Effects on plants and animals 

It is often possible to identify a pollutant and a source of pollution by 
analysis of vegetation and of the body fluids of animals bred in the infected 
area. In certaki cases, the ttssi^ and organs of dead animals are very 
usrful for the identification <rft^xic substances and the interpretation of the 
ai^lytical results o^in^. When, in fact, the concentration of a pollutant 
remains below tbc* toxic level, there is no wa> in which Its effect on plants 
and animals can be directly observ«l. However, when these limits are 
exceeded, harm is visibly caus^ to {riant and animal life, accoding to^thc 
chemi<^ nature of ^hc pollutant, the time of exposure and climatic condi- 
tions. Sometimes the effecte caused can be so specific ar to serve as a 
suflScientiy ,xnsitive means of determining the nature o\ the contaminant. 
Complications may be introduced, however, owing to the concomitant 
jffccts of 4 variety of substances. 

Biological studies of the effiecU on plant and animal life suitably ^posed 
to the poUutcd atmosphere can be useful as repirds both gases and particul- 
ate matter. Many lesU arc extremely sensitive and specific: berylliam can 
be detected in amounts as low as 0.0003 fig and lead in as little as 0.01 fig. 
Such t^ may r^uire stty large samples, however, and often call in addi- 
tion for the isolation and concentration of the components. 

Sensory tests 

Finally a certain number of r '^stances can be detected because of thdr 
organolei^ I^opertics; odoui, lacrimation irritant effects on tte 
res|Mfation can be imporUnt factors, making it possible to as»^ the extent 
of potlutio In sudt cases, ncvert!^«, quantitative evaluation is seriously 
limited by tte many sutqective aikl physiologi<»l influence to which per- 
ception is exp(^. The sensitivity of such methods is consequently very 
limited and they should be r es er ved ?n {wuticular for qualitative research or 
fe(K>nnaissatK«, and be entrusted to Siiecially ** sensitive " p««onnel, tmined 



94 



F. CAHBI 



for the recognition of given substances on the basis of their organoleptic 
properties. 

IV. CONCLUSIONS 

As mentioned in the introduction, this report represents a preliniinary 
contribution towards a selec;ion from among the avail^jejnaterial of what/ 
ever may seem most suitable for attaining a more limited range of toler- 
ance. This is necessary in view of the infinite variety of special conditions 
and circumstances applying G> the use of samf^ng a. d analytical apparatus 
and methods in the field of air pollution. In this paper, an attempt has 
therefore been made to select sampling n^hods and to give a critical review 
of analytical proc^ures in use at the present time, or potentially/ suitable 
for use, in the various laboratories of countries interested in the probleni of 
air pollution. 

However, as was^TOie^en and as has bctn mentioned, considerable 
difficulties were encovater^ from the outset In the classification, selection 
and interjection of sampUng and analytical methods and techniques. 
These difficulties are d'some importance as regarcb the probfem of ensuring 
that the presentation is universally ufdefstandaUe. From the outset th^r 
have arisen from a lack of uniformity mnong the v^ous authors in describing 
their work — a lack of uniformity which is not limited moreover tonomen- 
clature, but also extends to the pres^tation and interpretation of the data. 
For this r^u^m l would seem adv^Ue to conclude this report (^giving a 
- few suggestmns, with the aim of dimtnattng, as fnt aspo^bte, all uncertainty 
in the pr^entation, reading and intetpretation of future contributions in this 
fidd. If ttese suggestions were followed it would be pos^ble, without an 
effort out of proportion to the r^lte, to ensure the'highest degreeof uni- 
formity attainable in this fleld.^ 

(I) Definition of the terms and expressior^ used (and creation of any 
which may be nece^ary) seems essential in order to ^blish a ^t^sary of 
terms relating to air pc^ution. This glo^ary, which could subsequenUy be 
convert into a multiTlingual iifterhationai dictionary, would give a d^nite 
\nd authoritative interpfetation of dl words or expre&aons, and any circum- 
locutions wh^ today may be i^^esslry to indicate special circumstances 
and cases couM be translated into precise and lo^od terms having an 
absolute, international ^gniflcance. In this way it would be possible, in 
time, to cr^e a technical and sdent^ lan^ge applying specifically to the 
hup field of air pollution and diminating alt words and expressions which 
-^thougji idiom^ieally correct in the ^ous langui^— are not scientific- 
ally predse this luijecti^ being derived here from th^noun predion 

> It riHWld be potn^ oat tbtt sttndardizstiofi ia the idd of air^N^liitioR is betng v^o* 
rooted br the Coflnsission on Toxieolo^ tiie Intermtiooal Union 

of Pure and Applied Chemktry.tndtlitlUieAro^im Society for Tesd^M^eritlsC^ 
tee D-22 hat m pr o gra mm e for sta^lard air samplnif methods* 
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as used in chemical analyses, when it expresses it^t repeatability of experi- 
mental results. 

(2) After having stot cd the large volume of work carried out in the 
fields of sampling and analysis as relate to air pollution, and after having 
briefly explained the principles and the nature of iht information supplied 
by a selection of the various methods and ♦whniqucs employed, it appears 
urgently necessary to attempt to standardiz** the latter, so as to avoid any 
doubt or uncertainty in the comparisou of experimental results from 
different sources. 

The Ameikan Public Health Association, tne American Water Works 
Associatioir and iht Fc^aatiofr^ Sewage and Industrial Wastes Associa- 
tion have compiled a selection of standardized methods for the examination 
of water, sewa^, industrial wastes, etc. This outstanding publication,^ which 
has now reached its tenth edition, is still so young that it continues ' u include 
(and can hardly avoid doing so in future) ir ho<fa indicated as under test 
—that is, methods which have not yet been *fBciently tried out and tested 
to be put forward as standard. 

The proposal which we wish to mak-, therefore, is that of diawing up 
as soon as possible an initial list of sampling and analytical methods which 
might be term^t** for guidance The various worfars could, in the course 
of time, contribute the expcricncCt controls aiwl tests necessary to transform 
this list of methods " for guidance " into standard methods which, in addi- 
tion to giving experimental details, would also state their efficiency, accuracy, 
predion and selectivity, with respect both to sampling and to analytical 
techniques. 

It must be recognized, however, that such a task would involve consider- 
able difficulties, because of the widely divergent conditions and circum- 
stimces under which the qualitative and quantitative examination of polluted 
atmosphere and of t he open air j ^y have to take place. Tocsc conditions 
and circumstances also exist in other fields, such as that of water supi^y, 
but on a much smaller scale, both niimerically and quantitatively, so that 
it is easier to classify, prevent or overcome them. The initial work sug^toi 
as a basis should not be postponed because of this, however, siim it could 
well be a source of improvements and developments in otfr knowledge oT^ 
this particular field to an extent which mi^t seem im^tble at the present 
time. 

(3) TTie presentation of analytic^ resulU should be made " uniform *\ 
for in this field om is rcidly confronted with a kind of babel, quite apart 
from differem^ between units of n^urement, wh^tm dedmal or other* 
wise* Si<te by side with ** grams per litre " and similar expressions, we 
find " pcfcenta^ by wci^t ** and " percentage by volunw ** parte per 

* StamM methods for the examlmiiom of water* sewage and indastrlai wastes^ 10th 
1955, Biltlmorc, Wawb^ Ptms. 
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million by weight " and " parts per million by volume *\ as well as other 
mixed expressions. In addition to results converted to " O^'C and 760 mm 
Hg **, theft arc others expressed at 25" C and 760 mm Hg as well as 
still other intermediate forms. Finally, sensitivity of the various methods, 
as well as being expressed in absolute figures, is expressed in relative values, 
and so on. — - 

Results are expressed in so many and such diverse ways that usually the 
conversion of any considerable number of them, from one form to another, 
for purposes of comparison, becomes an arduous task, sometimes economic- 
ally impracticable for reasons of time. Again, it should not be forgotten 
that there are many papers in which the data are reported without any 
reference to the umtn of measurement employ^. All this shows how 
necessary, if not indispensabte, is the standardization of the wa> in which 
results are expressed. _Tables for the conversion of one form of presentation 
into another are not sufl^^t; it is also necessary for the standardize 
methods suggested above to employ definite and constant units of measure- 
ment. This would lead to an enormous saving of time and greater clarity 
in the results^ as wdl as to an accurate technical and sdentific picture of the 
po^bilities and limitations of present and future research in the field of air 
pollution. 



Morris KATZ, M.Sc., Ph.D.» 



SOME ASPECTS OF THE PHYSICAL 

AND CHEMICAL NATURE OF AIR POLLUTION 



IntrodoctkNi 

Within recent years attention has been drawn to the complexity of the 
problem of air pollution in large urtmn (^litres. Although information is 
being rapidly acquired on many constituents of the contaminated atmos- 
phere, the number of these contaminants is still unknown. The concentra- 
tions of most atmospheric contaminaAts are extremely low and the accunite 
determination of such substances taxes the iniquity of the analytical chem- 
ist. All the activities of man, the biological processes of living matter and 
natural phenomena upon or below the surface of the earth result in the 
liberation of gases, vapours, dust and aerosols of f aspended particulates to 
the atmosphere. The stiKly of the nature, properties and behaviour of these 
substances represents a challenge to the competence and skill of physicists, 
chemists and biologists. 

It is almost an axiom that some fraction of each component of the 
enormous number of raw materials and products of industrial and public 
activities finds its way into the atmosphere as a contaminant. Gases and 
vapours thus liberat^ may pollute the atmosphere to the extent of a few 
parts per million or of as little as one part per thousand million or less. 
Nevertheless, the toxicity to living matter of some compounds in the parts 
per thousand million range may be gi^ter than that of others which pollute 
the air in concentrations that are a thousand-fold greater. Aerosol conta- 
minants usually range from le^ than 100 fig/m' in relatively clean air to 
over 500 (ig/m* in urban areas of comparatively heavy pollution. During 
smog-periods the concentrations may rise above 1000 ^g/m* or 1 m^m*. 

Some knowledge of the natural composition of the earth's atmosphere 
is necessary in order to unde^tand more fully the nature of the substances ^ 
that are constantly being added through man^s activities. We are concerned 



* Director, Enviroflmental Ancssmenc* Occupttiomd Health Dtvlsioii, Denartmetit of 
Nalkmal Holth and Welfare, Otuwa, Ont., Ctoada. 
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essentially with the lower atmotsphere and whatever ^iseeiifr^^ha&ge4akes 
place in the region up to about 40 000 feet ' above the earth's surface. 
Above this layer, there is the stratosphere, which extends to about 60 miles, ^ 
and beyond this lies the ionosphere, where ultraviolet radiation from sun- 
light causes photochemical reactions that result in the formation of activated 
molecules and the splitting of molecules into atoms or ions. 

Cadle & Magill (1956) have indicated that the average composition of 
the lower atmosphere for those natural constituents that may be regarded as 
occurring in more or less constant concentration is substantially as shown 
in Table 1. To these constant components must be ^dded a number of 



TABLE 1 

AVERAGE COMPOSITION OF THE ATHOSPHERE 





Cofnpositiofi 


Compoii(}ofi, 


Gtf componut 








bf volufiw) 


by «wght} 


Nitrogen 


780900 


^-75- 100 




^500 


111500 


^ Argon 


9300 


12600 


Carbon dioxide 


300 


460 


Neon 


18 


115 


Helium 


5.2 


0.72 


Methane 


^2 


1.2 


Krypton 


1 


19 


Nitrous oxide 


1 


1.5 


Hydrogen 


0.5 


0.03 


Xenon 


0.08 


0.36 



Sourc«: O^I« & Mtfill <1f54). <By pwrnhMton from "Air poJIutton 
hsndb^" bf P. L. f^ti. f. R. HoMm & C. Acklcy. •dieors. Copy- 
Hflit ifU. McGmf NIti Book Comptny tiK.) 



othei^ of natural origin that may var>' considerably in concentration. Water 
vapour in saturated air at 20^C is present to the extent of 17.118 g/m^; con- 
sequently, in the range of about 25 %-100 % relative humidity, warm air may 
cpstatirfirom approximately 5000 to over 2(1000 p.p.m. of water vapour. 
In cold air Uie concentration may drop to one-tenth of this rang;. 

Other variable giseous constituents of natural origin include oxides of 
nitrogen from clerical discharges during storms; sulfur dioxide^ hydrogen 
fluoride and hydrogen chloride from volcanic disturt)ances; hydrogen sulfide 
from seepage of sour natural gas, from volcanoes or from action of sulfide 
bacteria; and-ozone formed photochemicaUy or by electrical discharge. 
Dust and aerosols of natural origin that are present in the atmosphere con- 
sist of salt particles from sea-water, various types of condensation nuclei, 



. ft - 0.3 m. 
. mile » 1.6 km. 
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airborne particles from soil and vegetation, dust of meteoric origin, and 
bacteria spores and pollen. The concentrations of such substances, except 
in the immediate vicinity of natural sources, are extremely low, usually 
much less than one part per million for thjj^s and only a few micrograms 
per cubic metre fbf the particulates^ Reh^ively high concentrations of 
ozone, between about h and 8.p.p.m., may exist in the stratosphere, but at 
ground level the range, over most areas where measurements are available, 
is from zero to about 5 parts per hundred million. However, ozone con- 
centrations greater than 20 p.p.h.m. have been reported in Alaska by 
Wilson et al. (1952) and iji southern California by Bartel & Temple (1952). 

Much has been learned about the transport and diffusion of matter and 
the manner in which the afr is circulated by wind movement over great 
distances of the earth's surface by studies of some of these contaminants of 
natural origin. Sea-salt nuclei, originating from ocean breakers and salt 
spray along the coasts, have been found at distance inland of more than 
1000 miles and at various heights up to 20 000 feet or more. Similarly, 
spores of fungi and bacteria have been collected with aircraft at distances of - 
many hundreds of miles and allergens have been identified as far as 1500miles 
from their most probable source. Micro*orpnisms of various types have 
been reported oy Proctor C1934) at heights ranging up to 20 000 feet and at 
even higher rltitudes— beyond 36000 feet— by Rogers & Meier (1936). 

Sonrcesof Costaminante 

. The major sour cesrby far pO^air conlaminants from the activities of man 
are the products of combustion released in ever-increasing quantities through 
the use of fuels for domestic and industrial heating, power generation, 
transportation and other purposes. As a result of the strong upward 
trend in industrial production during the last decade, particularly in North 
America and certain parts of Europe, new air pollution problems have 
arisen whilst existing ones have been intensified. Apart from the emissions 
resulting from the combustion of fuels, important sources of contaminants 
exist in the atmospheric waste products of the iron and steel, non-ferrous 
metal smelting and refining, oil refining and petro-chemicaU general inorgan- 
ic and organic chemical, pulr* and paper, and many other process industries. 

It is of interest to compa che fuel consumption and estimated emissions 
of the principal classes of cciiiaminants from the combustion products dis- 
charged to the atmosphere in the USA and Great Britain, as shown in 
Table 2. According to Rupp (1956) the amount of carbon dioxide emitted 
as^^ result of combustion of fuels in the USA in 1953 was at the rate of 
about 3000 million short tons ^ annually, and that of carbon monoxide about 

* I short ton — 0.9 met ric ton> Throughcut thi s chaptcr^lte-tjwttH ^ tons " refers to short 
Ions. 
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TABLE 2 

FUEL CONSUMPTION IN THE USA AND GREAT BRITAIN IN 19S0 
AND ESTIMATED EMISSIONS OF POLLUTANTS 





Fu«i centum^cion 


Emission of poliuunti 






ptr »itnum 


p«r annum 






USA 


Great 

BHuin 


Contaminant 


USA 
(nitiiions 
short tont)<i 


Groat 
Britain 

(mitttons 
short tons)a 


jSolid fuels (millions 






Smoke 




2.2 


short tons) ^ 






5 


C<»l 


498 
452 


226 
205 




5 


2M 


Lignite 


3.1 


negligible 


Industrial 




0.9 






dust and ash 


7 








6 


Q.8 


Coke (except 












petroleum coke) 


69 
63 


30 
27 








Manufactured fuels 


2.4 

2,2 


1.1 
UO 








Wood 


b 


0.5 


Sulfur oxides 










as 


as SO2 


19 
17 


5.8 
53 


Liquid fuels 












(millions bbb.) <■ 






Vapours: 






Refined petroleum 


2110 


123 


Hydrocarbons* ni- 


42 


b 


products* natural 


$$5 


19S 


trogen oxides, or- 


38 




gasoline and 






ganic aldehydes 






benzol 






and acids* ammo* 
nia, UK, etc 






Gaseous fuels 












(thousand millions 












cu. h.)^ 












Natural gas 


S200 


negligible 








147 










Manufactured gat 


1 soo 


725 








42 


20S 









Source: Data on fual consumption as f ivtn by Rupp Emission of pollutants — . for ^^^^^"l>M1*S6); 

•sumatod for Gr«t BHuin from 1fS3 data int GrMt Britain. Commlttaa on Air Pollution (1f5$). (Tha data 
fivwi fcy llupp ara rtpreducod by permission from "Air pollution handbook", by P. t. Mafill, F. K Holdtn ft 
C. AcMty, odlton. Copyrtfht 19S4. HeCraw-Hill Book Company Inc.) 

u Tha Af ur«s in Italic typo rtproaant miiltons of matfie tons. 

b Not avaiiabia (19S4). 

c Tho Afuros In italic typo rtproaont millions of tubic matras. 

d Tha figures In iulic typa r^rosont thousand millldns o'- ubic matras. 

60 million tors. Carbon dioxide is not normally considered to be an air 
contaminant and carbon monoxide becomes important only in special situa- 
tions where the concentrations rise to sufficiently high leveN, such as in 
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vehicular tunnels and at intersections of busy traffic arteries in congested 
city areas. Carbon monoxide in the outdoor atmosphere is present, usually, 
at levels far below the permissible threshold concentration of 100 p.p.m. for 
exposure during an 8-hour working day. 

Within recent years increasing emphasis has been placed upon emissions 
of hydrocarbons, other organics and oxides of nitrogen by virtue of the 
possibility of photochemical interactions between such products after release 
to the atmosphere. In the past, the greatest concern has t>een exercised 
over the control of smoke, dust and sulfur dioxide .emissions. However, 
waste exhaust products from the internal combustfoo engine are assuming 
prominence in atmospheric pollution studies in the light of experience in the 
Los Angeles area* Within North America the consumption of solid fuel has 
been decreasing and that of liquid and gaseo us fuels has been rising steadily, 
especially in fuel usage for space- and water-heating. This trend has aided 
local abatement efforts in the control of.smoke, dust and sulfur dioxide in 
a considerable number of urban areas. 

Sulfur dioxide remains one of the major contaminants not only on an 
area-wide basis but also from specific, highly concentrated sources such as 
the metal smelting and oil refining industries and large coal-fired, electric 
power plants. It has been estimat^ by Katz & Cole (1950) that the annual 
emission of sulfur dioxide from a group of nickel-copper smelters in Canada 
has been as high as about 3 million tons during peak production years. 
From statistics available in some of the industrialized countries, the annual 
emission of sulfu^ dioxide from crude-oil refining is about 11 milMon tuns, 
on the basis of an average content of L5 % sulfur in the crude. Most of 
this emission is within the USA. Other annual sulfur dioxide emission 
estimates for recent years of high production are as follows : copper smelters, 
about ll«I2 million tons; lead and zinc smelters, 3.5-4 million tons; and 
from coal with an avera'^e sulfur content of 1.5 %, about 50-60 million tons. 

The following examples will serve to illustrate the scale of emission that 
may occur from a single source. 

Type of operation Daiiy capacity 'fn/^i"^y} 

Copper smelter 2500 tons of concentrate, 30% S 1500 

Oil refining ' 100000 bbls., 1.5% S in crude 450 

Coal-fired power plant 5000 tons of coal containing 3% S 300 

Smelting operations, in particular, have been the cause of heavy damage 
to agricultural and forest areas and sulfur dioxide in the atmosphere has 
contributed to a major extent to the deterioration of materials such as metals, 
stone, cement, paper, paint, leather and textiles. In 1930, the emission of 
this gas from the stacks of the large lead-zinc smelter at Trail, British 
Columbia, reached an all-time high of about ^000 tons per month, with 
the result that widespread damage to crops and forests occurred both in 
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Canada and in the adjacent part of the within the northern part of 
Stevens County, Washington State. The ensuing international litigation 
over this problem led to a pioneering effort on the part of the company 
involved to control this nuisance. Within the next decade a large new 
industry was created to convert the waste sulfur gases to sulfuric acid, 
ammonium sulfate, ammonium nitrate and phosphate fertilizer. Today, the 
Trail smelter recovers about 91 % of the sulfur dioxide, formerly wasted, 
by conversion into these valuable by-products. The Trail recovery plants^ 
have a capacity of 1300 tons of 100 % sulfuric acid and of 240 tons of syn- 
thetic ammonia per day, besides the nc«ssary plant capacity for the produc- 
tion ofthe above fertilizers (Katz, 1952a; King, 1950). 

Both in the USA and in Canada, there is an increasing trend to control 
atmospheric pollution in the smelting and oil ^fining industries through 
the recovery of waste sulfur dioxide and hydrogen sulfide by convemoQ to 
sulfuric acid or elemental sulfur. The latter by-product is usually the 



TABLE 3 

ESTIHATED RATES OF EMISSION OF CONTAMINANTS 
FROM FUEU* INTERNAL COMBUSTION ENGINES AND INONERATORS 



CofitammsflC 




PoufMtf of concamifufits 


per >hort too 9f fu*l bttriwd a 


Coal 


Oti 






tfictncncors 


Aucoiiiobiio 
(fisotina) 


Dtcwl 

(DMttlflfCl) 


HouMfceW 




Solids (carbon aitid 














24 


particulates) 


ISO 






0.1 


34 


46.3* 


75 






0J05 


17 


23.2^ 


12 


Sulfur oxides, as SO2 


80 


60 




S.6 


10 


1 


1 - 




40 


30 




2S 


5 


1 


/ 


Nitrogen oxides* 
















asNOi 


8 


27 


13.8 


24.6 


10.6 


2 




4 


13^5 


6.9 


123 


243 


53 


/ 


Ammonia 








0.6 




10 


0.4 










03 




14> 


0-2 


Acids, as CH, COOH 


30 


17 




0.6 


10 


27.4 


0.6 




IS 


13J 


U 


03 


5 


13J 


03 


Aldehydes, as HCHO 




2.6 


2.0 


5.6 


5 


S.1 


1.4 




U 


hO 


2S 


2S 


2S 


OJ 


Other or^'^fiics 
















(IncL hydrocarbons) 


20 


9.2 


2.8 


141 


c 


274 


1.2 


10 


4S 


14 


70S 




137 


OS 



Seur<«t Sofiford llMoarcii IfitcituM (19S0): tni LarMn. Fiteiwr A HamAiiDg <1f5l); MagiN ft Btfioli*! (19S2). 
a Th« ^guras in ic^ic type rcprMtnc Icilogfwnf of «Hit»iiifiM» p^f fimrk coa oI futi bumtd. 
b itH«r-«elubic vi4 «li«rHf»olu^l« icroMls. 
c Noci^iaMo. 



PHYSICAL AND CHEMICAL ASPECre 



103 



favoured one where hydrogen sulfide from oil refining or processing of 
sour natural gas is concerned. In Great Britain a considerable amount of 
by-product sulfuric acid is produced from zinc concentrates and spent 
oxide. 

Some comparative data on the amounts of contaminants that may be 
discharged to the atmosphere from the combustion of coal, oil, gas, ^soline, 
and rubbish in fuel-burning equipment, automobiles, Diesel engines and 
incinerators are shown in Table 3. The combustion of coal results in the 
highest emissions of solids, largely fly ash and soot, sulfur oxides and acids. 
Exhaust gases from automobiles contribute large quantities of unbumed 
hydrocarbons and other orpmics and considerable amotmts of nitro^ 
oxides. Diesel engines emit the higjiest percentage of nitrogen oxides, with 
oil-burning installations next in order of rank. The burning of rubbish 
and paper in domestic incinerators yields relatively lar^ quantities of organ- 
ics and other contaminants in comparison with the emissions from the 
much more efficient, properly design^, municipal incinerators. 

The emi^on quantities cited in Table 3 are only rou^, approximately 
aveni^ figure tfiat would vary with tl^ composition of the fuel and operat- 
ing chaiiKteristics of the equipment or engines in particular cases. For 
example, great variatioi^ may occur in the combustion products and con- 
tamini.nts from automobiles under various driving conditions and also in 
relatior to age of the en^ne in the vehicle. As a rule there are greater 
quantities of contaminants emitt^ from old cars than from new cars. Un- 
bumed hydrocarbons are dischargwl in much greater quantities during 
deceleration than in acceleration or steady driving. With the engine idling, 
the emission of hydrocarbons is greater than that during steady driving or 
acceleration but is still considerably less than the emi^ion during deceleration. 

Rupp (1956) has attempted to summarize the total emi^ions of some of 
the more widdy prevalent organk; vapour and other contaminants within 
the USA. On an anniml basis, emi^ions of organic compounds in combus- 
tidn products of coal, oil, psoline and re<"use, etc., are estimated at 21 mil- 
lion tons; evaporation products from losses of hydrocarbons, natural gas 
solvent vapours and other nuiterials prior to combustion yield 11 million 
tons of additional organics. Nitrogen compounds expre^cd as nitro^n 
dioxide amount to 8 million tons and halogen compounds to about 2 mil- 
lion tons. 

Los Angeles County EatssioK 

The Los Angeles district suffers from recurrent haze and smog ac- 
companied by irritation of the eyes, nose and throat of lar^ numbers of 
inhabitants, and con^Jderable economic lomes in damage to certain crops. 
Other effecu are redu<^ visibility, obj«:tionable odour and rapid deteriora- 
tion of rubber. The phenomenal growth of population and industry in the 
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area sinc^ the Second World War and the limitations on natural air cleaning 
proi^sses imposed by meteorological and topographical factors have resul- 
ted in an air pollution problem of unusual complexity. This region now has 
a population of about 5 million and is the largest subtropical, heavily indust- 
rialized!, urban area in the world. Although smog was known in Los Ange- 
les long before the Second World War, the rapid expansion of industrial and 
public activities during and after the war accentuated the air pollution prob- 
lem. The more noticeable smog visitations occur on about 60 days of the 
year and the annual average of temperature inversions has been estimated at 
about 262 days. 

The topography of this county is a large Iwisin fronting the Pacific 
O^n to the west, with a ring of high mountains on the other three sides. 
An invei^ion layer of stratified air extends over this basin at levels which 
usually range between 1000 and 3000 feet. As a rule, the inversion layer has 
an upward slope both to the west and to the ea^. Because it rests against the 
mountain ran^ on the e^ side of the basin, the (low of air eastward, out 
of the area, is prevent^. The sea breeze in the daytime and the land Iw^eeze 
at night nmrely shifl the inversion layer p and down but do not disperse it. 

This temperature inversion layer is brought about by the presence of a 
semi-permanent high pressure area over the North PacificOccan, extending 
from tte west coast of the USA to beyond the Hawaiian Islands. This high 
pressure area is present daring the major portion of the summer and autumn 
months, although its position may vary in longitude and latitude. It is an 
enormous, elliptical column of air, moving in a clockwise direction on its 
axis, and inclined slightly to the south-west. The air paths at intermediate 
levels in this column are steeply inclined to the earth's surface, the lower 
edge of this layer being adjacent to the California a>ast and its upper ed^ 
being suspended in mid-Pacific to the north of the Hawaiian Islands. The 
air moving towards California around the northern side of this pressure 
ar^ is d^cending, moving through levds of incr^s^ pressure, and is 
therefore being warmed by compression. In consequence, the air arriving 
over Los Angles County from the o(^n, at levels above the surface air 
layer, is already much warmer than the surfiure air. This temperature 
difference is accentuated when air over the oc^n surface, which has been 
cooled from below by contact with relatively cold ocean water off-shore, is 
swept inland into the Imsin (Beer & Leopold, 1947). ^ 

The invereion layer is like a canopy over the Los Angles teisin, prevent- 
ing both vertical and lateral dispersion of contaminanu. The natural ha«, 
composed of sak from omn spray and dust particles from soil and vegeta- 
tion, is augmented by smoke, fumes, and gases from industrial and domestic 
activities, including vehicular traffic. The larger aerosol particles are re- 
moved by settling, but the fine aerosols, and ^seous pollutants tend to 
build up at the top of the atmospheric layer which lies just below the tese 
of the invei^ion stratum. The worst conditions occur when the man-made 
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pollution accumulates over several days in calm weather and the base of the 
inversion layer is forced to its lowest level, thus bringing the polluted air to 
the ground (Stanford Research Institute, 1948-50). 

The major contributors to air pollution in the Los Angeles area are motor 
vehicles, combustion of fuel oil and gas, petroleum refining, vapour losses 
from gasoline marketing, distribution, and storage, and the incineration of 
refuse. Several organizations have presented estimates of the emissions of 
various types of contaminant released to the atmosphere as a result of 
industrial and public activities. These emissions are shown in Tables 4-7. 
There are about 2.5 million motor vehicles in Los Angeles County, or about 
one vehicle for every two pei^ns. From this source alone about 1200 tons 
of hydrocarbons (mainly gasoline vapours) are discharged daily into the 
atmosphere. In 1953 it was estimated by the Stanford Research Institute 
that the combustion pro(^$es of all4ypes released to the air about 1500 tons 
of organics daily. The pmctice of burning combustible rubbish in house- 
hold incinerators has helped to aorentuate the troublesome smog problem. 
About L5 million back-yard incinerators burned an average of more than 
500O tons of refuse per day in 1955, but this source of inefficient combustion 
has recently been brought under control by regulation under the County 
Air Pollution Control District. Other important contaminants in this area, 
besides hydrocarbons, are oxides of nitrogen, sulfur oxides, acids, alde- 
hydes and aerosols. 

The emissions of smoke, dust, fumes and sulfur oxides are relatively 
low for the huge scale of industrial and public activities in this area. A major 
factor has been the strict enforcement of county air pollution control regula- 
tions, which limit the discharge of dust on a process weight basis up to a top 
limit of 40 Ib.^ per hour for any one industrial operation (McCabe et al, 
1949). To meet such provisions, high efficiency dust collation equipment 
must be installed on all plants that may emit fly ash, metal and mineral dusts, 
chemical fumes and mists. Also prohibited is the discharge of smoke of 
No. 2 Ringelmann density or greater, and of sulfur dioxide in stack gases to 
an amount greater than 0.2 % by volume. 



Emissioiis in the Greater Detroit*Wiiid$or Area 

In 1948, officials of the cities of E>etroit, Mich, and Windsor, Ont. 
requested the US State Department and the Canadian Department of Exter- 
nal Affairs, respectively, to assist in solving a problem which apparently 
could not be solved by the two municipal governments nor the state or pro- 
vincial governments concerned. The problem was to control smoke being 
emitted by vessels plying the international Detroit River. The US Depart- 
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ment of State and the Canadian Deparlment of External Affairs, under the 
terms- of the Boundary Waters Treaty of 1909 between the two countries, 
jointly referred the problem to the International Joint Commission. The 
reference, jointly agreed to in January 1949, requested the Commission to^ 
determine whether or not the air over and in the vicinity of Detroit and 
Windsor was polluted to an extent detrimental to the area and whether or 
not ships plying the river were contributing to the pollution and what other 
sources were responsible. If the vessels were found to be responsible for 
detrimental air pollution, the Commission was requested to recommend 
remedial measures, to indicate what would be the cost of the corrective 
measures and by whom the costs should be borne. 

To obtain information necessary to reply to the reference, the US and 
Canadian Sections of the International Joint Commission appointed a joint 
Technical Advisory Board. This Board, with great assistance from many 
agencies and individuals, conducted the required investigations^nd present 
ted ^final report (1959). The results with respect to sources and emissions 
of contaminants provide some interesting contrasts to those of the Los 
Angeles area. 

The t)etroit Metropolitan Area is the third largest manufacturing centre 
in the USA, although it is only the fifth largest in population. Its manufac- 
turing employment is exceeded only by New York and Chicago. Approxi- 
mately 3.25 million people live in the international metropolitan area. The 
extensive industrialization, dominated by the automobile and primary metals^ 
industries, together with the extensive use of coal and other fuels, use of 
vehicular fuels, bunting of refuse, and a wide assortment of other activities, 
gives rise to a large atmospheric pollution load. 

Generally speaking, annual fuel usage consists of about 13 million tons 
of coal, 4.3 million tons of fuel oils, and 3*8 million tons of natural gas. Daily 
use of gasoline is about 3.4 million gallons ^ and of Diesel fuel, 42000 gallons. 
An estimated 1235 tons of refuse per day are humed in municipal incinerat- 
ors, 1300 tons in domestic incinerators, and 400 tons in commercial and 
industrial incinerators. 

Blast furnaces and steel mills comprise a significant proportion of the 
manufacturing activity in the area. About 7 million tons of pig iron and 
steel are produced each year. There are also about 30 iron and steel found- 
ries producing about 430^} tons of castings per day. Approximately 100 
establishments are engaged in non-ferrous founding and secondary metal 
refining. About 40 % of all manufacturing workers are employed in plants 
producing automobiles, trucks, and buses, and parts for these vehicles. 
The chemical indu^ry comprises about 200 plants and there is some petro- 
leum refining. A host of other industrial activities also contribute to the 
pollution of the atmosphere. Solvent losses to the atmosphere from use of 
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TASLE 8 

ESTIMATED PRINCIPAL AIR POLLUTION EMISSIONS IN SHORT TONS PER DAY. 
GREATER DETROIT-WINDSOR AREA*f 
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paints, dry cleaning, plastics moulding, gluing,.dcgreasing, etc., constitute a 
sizable atmospheric pollution load. 

Vessels plying the Detroit River contribute to the poUution of the atmos- 
phere by emissions of Uack smoke, fly ash, and gaseous contaminants from 
the combustion of coal and chI. The proportion of the total pollution emis- 
sions in the area attributable to vessel opemtions is quite small. However, 
the emi&iions from vessels are concentrated on the river and are particularly 
objectionable because of the close proximity of residential, recreational, and 
civic land uses at many points along the river. Since 1952, a major reduction 
in pollution from this source has been effected through the operation of a 
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voiuntaiy control programme and conversions to more efficient fuel-burn- 
ing installations. 

An approximate inventory of the principal pollution emissions to the 
atmosphere from all of man's activities in the area is shown in Table 8. 
Emissions to the atmosphere in the Canadian portion of the area were found 
to be about 10% of those in the United SUtes portion. In all, about 
494C tons of contaminaiits are discharged daily, excluding carbon monoxide 
or carbon dioxide. Owing to the large-scale consumption of solid fuel, the 
emissions of particulates and sulfur oxides are far greater than those estimated 
for the Los Angeles area, where virtually no coal is used. 

Both meteorological and topographical factors are, in general, favour- 
able to the natural dispersion and dilution of these relatively large amounts 
of contaminants. For the most part the land in the Detroit River area is 
pr^ominantly fiat and rises only slightly at some distance from the river. 
The area lies in the mid-latitude belt of a ^neral west-to-east flow of air 
during all seasons of the year. The ^neral features of the circulation bring 
a suo^ssion of changing pressure systems and air masses across the area, 
and the topography does not favour any localized areas of stagnating air. 
Conditions favourable for the accumulation of air contaminants near the 
ground can develop, principally, during night hours in the warmer portion 
of the year, but such inversions are usually dispersed some hours after sun- 
rise. Prolonged inversions occur only at infrequent intervals with acxom- 
panying increases in the average concentration levels of contaminants. 



Nature and Pnqierties of Polhttitte 

Atmospheric contaminants may be classified simply into two types: 

(1) Airborne particulates consisting o^ solid and liquid particles of a 
wide ran^ of sizes varying from relatively large particles over 20 in dia- 
meter to aerosols or suspensions of fine particles extending into the sub- 
micron region, down to less than 0.05 |Jt. 

(2) Gases or vapours, including the permanent gases and those com- 
pounds that have boiling points below about 200*^0. 

Although upwards of about 100 specific substances have been identified 
as contaminants arising from the varied activities of man, there are many 
more products that are still unknown. The particulate pQrtion contains 
more tlian twenty metallic elements that may be determine by spectro- 
graphic analysis of-the inorganic fraction. The organic fraction of parti- 
culates is even more complex and contains large numbers of aliphatic and 
aromatic hydrocarbons, acids, bases, phenols, and many other types of com- 
pound. Furthermore, new products are known to be created by the inter- 
action of contaminants with each other after discharge to the atmosphere. 
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These mechanisms include photochemical and free radical reactions, oxida- 
tion and reduction, polymerization, condensation, catalysis and others. 

Dust or aerosol particles may show greatly enhanced surface activity 
by virtue of increased surface area, adsorption of gas molecules or other 
properties that facilitate chemical reactions. Many substances that oxidize 
only slowly in their massive state will oxidize with extreme rapidity or explode 
when dispell as fine dust in air. Adsorption and catalytic phenomena are 
influenced particularly by the state of dispersion of the solid or liquid phases 
in the gas dispersion medium of heterogeneous systems. Thermal radiation 
effects become much more pronounced if suspended solid or liquid particles 
are present in the air. Such particles absorb radiation and conduct heat 
rapidly to the surrounding gas molecules, which may be quite transparent to 
the radiant energy. Aerosol particles may act as condensation nuclei to 
facilitate the condensation of water vapour upon them and thus promote the 
formation of fog or ground mists. 



Aeroscris 

Particles dispersed in a gaseous medium are collectively termed an 
aerosoL The terms smoke, fog, ha^ and dust are used to describe particu- 
lar types of aerosol, depending on the size, shape and characteristic behaviour 
of the dispersed particles. The particles themselves will be spherical if 
liquid, but will have various shapes if solid— although solid particles tend 
to behave like spheres in some aspects. 

Aerosols may be formed by two general methods: (a) condensation pro- 
cesses in which clusters of molecules come together to produce particles of 
colloidal dimensions, and (b) dispersion processes in which coarse matter is 
further split up into fine particles (Green & Lane, 1957). 

A familiar example of the condensation pro^s is the formation of a 
cloud of liquid droplets when warm moist air rises into the cooler upper 
atmosphere. The heating of volatile substances causes them to evolve 
vapours, which, on cooling, form small liquid and solid particles. Fine dust 
particles, nucleating agents, ions existing in the vapour or carrier gas, polar 
molecules such as sulphuric acid, or molecular aggregates of the vapour 
itself, may form the nuclei upon which the vapour will condenie to produce 
the aerosoL 

Some examples of mechanical dispersion process are the production of 
fly ash in furnaces burning pulverized fuel, the emission to the atmosphere 
of solid by-products from foundries and size reduction operations, the solids^ 
discharged during " slips from blast furnaces, the dust discharged in 
catalytic cracking operations, as in the petroleum industry, and the particu- 
lates dispersed by the movement of vehicles on city streets. 
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TABLE 9 

PROPERTIES OF SOME TYPICAL AEROSOLS 
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particles 1 n range 1 .0- 
0.10 {ji 

/I + 1.721 \ 

1 = mean free path of gas 
molecules ((jl) 


NH4CI fume 
Zinc oxide fume 


2-0.1 
0.3-0.03 


/I -|-0.172\, , 
Vc« vJ — hnair 



Sditfct: Hilltf C1f3i) iiid ^Mvtfmtii (IfSI). 



116 



M. KATZ 



TABLE 9 

PROPERTIES OF SOME TYPICAL AEROSOLS (continued) 



JyP9 of disMrtat 
syitcm 


$tz« rang* 
of ^trtid«s 
diamtttr in) 


Ei«ctro- 
fmgncttc 
spcctrym (pi) 


Terminal vdocity (cm tec.) 
due CO gravity sectlmg m 
atr. and 1 atmosphere 


Oil smoke 

Rosin smoke 
Tobacco smoke 

Carbon smoke 

Normal impurities in 
quiet atmosphere 


St 

1.(M).03 

0.15^.01 
0.2-0.01 

1.0^.01 


10KES 


Vetocitx due to Browniam 
Motion exceeds velocity of 
gravity settling for par- 
ticles less than 0.1 |jl 

Einstein equation 

X = k4 t/D 

X = averse displacement In 
cm of spherical particle in 
air in timet t sec 

Sphtret Irregular 
tli^ 

kt = 24 16 
kt= 0.41 0.26 
k}= 0.0030 0.002 
k4= 0.00068 — 



SoMfee : Miller (1938) and Silverman (1951), 



Psrtictel^ 

The particulates in the atmosphere are usually clarified according to 
particle siz^ into deposited matter (dustfaU) and finely divided, suspended 
matter (aerosols). The fly ash, coarse dust, and dirt which consists of part- 
icles larger than about 10 (x in diameter settle out of the air fairly rapidly 
and constitute the major portion of the deposited matter. The finer particles, 
ranging from about 5 (x <lown to 0.1 fx or less, form suspensions in air which 
are mechar Ically stable. The smaller partkles in this ranp exhibit Brown- 
ian movement and may be dispersed in the atmosphere by wind currents 
almost like a gas (Katz & Clayton, 1953). 

Aerosols generally include, by definition, all solid and liquid particles in 
the diameter range from about 1 00 fx down to 0.0 1 fx. The phj^ical properties 
of some typical aerosols in relation to the electro-magnetic spectrum are 
shown in Table 9. 

Fog, mist or cloud consists of liquid particles which are mainly water if 
they are of natural origin. Fume is formed by high temperature volatiliza- 
tion or by chemical reaction. Dust is a general term usually applied to solid 
particles only, such as those genem^ from mechwtcal operations and nat- 
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ural processes that involve dispersion anu disintegration of material. Smoke 
is produced during combustion or destructive distillation and may contain 
either solid or liquid particles. 

In the Detroit-Windsor area, studies on the particle size-distribution of 
air-borne particulates showed that 87 % of samples collected with a stands 
ard impinger and 83.9 % of samples collected with a thermal precipitator 
were less than 2 fx in size. About 99 % of the particles collected were below 
10 [X in diameter (Katz & Clayton, 1953). In the London area Billington 
& Saunders (1947) measured the size-distribution of particles in smoke and 
found that the geometric mean diameter of the particles was in the range 
0.5-1.1 [X. Cartwright, Nagelschmidt & Skidmore (1956) report similar 
figures for samples collected from4he^ in the Sheffield area. 

The size of aerosols has an important bearing on the penetration of 
particles beyond the respiratory passages into the lunp. The coarser 
material is excluded by the nasal passages so that few particles may pass if 
they are larger than about 5 (x in diameter. Below 5 (x the penetration into 
the lungs increases rapidly, but when the size becomes less than about 1 |x 
the retention in the lung be^ns to decrease. Very small particles (less than 
0.5 (x) penetrate readily but only a small fraction is retained in the lung 
(Johnstone, 1952). 

Partkle Namber CoacoiCnitkM 

The number concentration of suspend^ particles per unit volume in a 
pollute atmosphere may be extremely large, althougli the mass concentra- 
tion may be low in com{mrison with that^of ga.^ rrfit^minants. Thus, for 
example, an aerosol concentration of 0.1 mg/m^, assuming unit density and 
0.5 [X fMirticle diameter, would correspond to 45 million particles per cubic 
foot.* Even in relatively clean air, aerosol particles numbering several mil- 
lion per cubic foot may be present (Katz & Qayton, 1953). In extreme smog 
conditions 2 x 10* or 3 X 10^ particles per cubic foot may be reached. The 
concentration of {Articles greater than 0.5 fx in diameter in Los Angeles 
smog is estimated at about 56 million per cubic foot* 



CoftjptlatkNi 

In the examination of submicron dust the electron microscope is widely 
used. However, its usefulness has been limits by the difficulty of identi* 
fying particles by their external morphology, which is all that this instrument 
reveals. It does, nevertheless, provide valuable iu. mation on the size, 
shape and extent of coagulation of particles of submicron size, beyond the 
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range of the optical microscope. Quite often some estimate of the relative 
abundance and state of aggregation of various particles can be obtained. 
Photomicrographs of carbon particles prepared from samples collected on 
millipore filters (Type AA, Lovell Chemical Company) during haze or 
smog periods in Windsor, show rather characteristic but similarly formed 
filaments of carbon consisting of aggregates of particles of O.OS y. and 
0.2 y. size range. Each filament, however, was composed of particles of 
similar size only (Shore & Katz, 1954). This process of filament formation 
by coagulation resembles a bimolecular mechanisnu with kinetics similar to 
a second order reaction (Roctebush, 19S0). 

The rate at which coagulation occui^ depends on the concentration and 
is almost independent of particle size. The time, t, in seconds to reduce the 
number of particles in a homogeneous aerosol to a fraction of the initial 
number. No, may be computed using the equation. 



where K in air at 68°F (WQ has a value of 3 X lO"**^ cm* per second 
(Sinclair, 1950a). The c<^gulation constant, K, is a function of Boltzman's 
constant, the viscosity of the dispersion medium and the absolute tem- 
perature. 

Coagulation of an aerosol cannot be prevented by a stabilizer as in the 
case of liquids or solids dispersed in a liquid medium (Rodebush, 1950). In 
liquid aerosols the particles on collision will coalesce to form larger droplets. 
These large drops will tend to increase in size at the expense of the small 
droplets, whkh ha^^ a somewhat hi^r vapour pressure than that of the 
parent liquid. For this reason the droplet size in a fog is usually lar^r than 
5 {i. In the oise ^re the aerosol is deriv^ from a hygroscopic liquid, 
such as H^4, an ^uilibrium is set up between the vapour pressure of the 
Uquid droplet and the partial pressure of the water vapour in the air. The 
particle size of such an aerc^l will depend on the humidity of the atmosphere. 
T!!e particles will be smaller and more concentrate under lower humidity 
conditions. Solid particles may foim the nuclei upon which a vapour may 
condense. Under this condition the solid particle itself may dissolve. SaJts 
from sea-water sprays could form aerosols of this nature. 



In a controlie aerosol two forms of settling may be noted: tranquil 
settling, where no convection currenu are present, and stirr^ settling, where 
the aerosol is kept mix^ at all times. Stokes' law may be used to calculate 
the velocity d'fall, V, in centimetres per second, for various spherical part- 
fcles. The applicable equations are given in Table 9 in relation to the part- 
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icle-size range. This law is valid for the larger spherical particles from less 
than 100 [l to about 1 [l but when the size of the particles becomes compar- 
able to the mean free path of the air molecules some correction must be 
applied. Under mixing conditions the rate of settling as well as the number 
concentration decreases exponentially with time (Sinclair, 1950a). 

In non-homogeneous aerosols^ such as those encountered in the outdoor 
atmosphere, the settling processes are much more difficult to analyse owing 
to prevailing meteorological conditions and to the numerous sizes and shapes 
of the particles that may exist. When a cloud of dust reaches the ^ound 
tbe particles will settle out at a rate depending on their mass and size. The 
concentration found at ground level depends on the total mass rate of emis- 
sion and not on the concentration in the stack gas. The rate of deposition 
and concentration at ground level am be changed by altering the stack 
height. Some estimate of the rate of deposition of an aerosol is obtained by 
a dustfall measurement, but this measure does not evaluate the pollution 
that contributes to low viability (Johnstone, 1952). 



Light Scatteriag 

In the late 19th century Lord Raykig^ (1899) devised a th^>ry to explain 
the blue colour of the sky. It was based on the U^t scattering of extremely 
small transparent particle such as air mol^utes. He showed that the 
effective scattering area of a {^icte was a function of tbe volume and 
refractive index of the particle, and of the wave-length of the li^t. From 
his ^uation, for spherical particles of radius less than 0.1 of the wave- 
length of the light, the total scatteml energy vari^ directly as the sixth 
power of the radius, and inversely as the fourth power of the wave-length, so 
that blue Ught is s<^tter^ much more than red. 

Gustave Mie in 190% developed frcmi Gerk MaxwelPs ^uations the 
theory of scattering by a ^>berical particle. Since that time, numerous 
calculations have been made of tte total energy and the angular distribution 
of the intensity of li^t scattered by both transparent and absortring part- 
icles. The derivation of the equations is given in a cofflf^ form by 
Stratton (193 1). In the Raylet^ theory as much light is scattered backward 
as forward. For particles of lar^r radius the forward s^tiering is larger 
than the backward. When the wave-length of light is ^ual to the jmrticle 
mdius the mtio of forward to backward scattering is atout 1000 or more. 

When the distance betw^n the individual i^rticles of an aerosol is ten 
or more times the particte radius, tte particles scatter light independently 
of each othen In an aerosol where the ratio of space distance to {Article 
radius is less than about ten, interference in tht scattering of light by 
neighbouring particles occurs (Sinclair, 19S0b). 
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Tl^ basic physics of light scattering by small suspended particles and its 
lelation to visibility is discussed by Sinclair (19S0b). One of the most 
important characteristics of small suspended fmrttcles is the lowering of 
visibility by scattering of light. The amount of light scattering depends more 
on the particle size and the refractive index of the material than on the num- 
ber of particles per unit volume. For most liquid aerosols the size which 
is most effective for scattering of light or obscuration ot visitelity is in the 
diameter range of 0.3-0.6 |i. (Sinclair & La Mer, 19^). Litrger ;»rticles are 
less effective in scattering lig^t but may reduce visibility ^ abuirption of 
light (Katz, 1954). 

The haze that may be observed over a heavily indm'rializ^ area is 
associate with parties with dtametei^ near tte lower ra^ge of the wave- 
length of visibfe light. Increase in the concentration sikA particles 
lower visibility. ¥of a v^ dilute aerosol with a visibility perhaps of 
3 miles, the concentration would be about 0.1 mg/m^ or 45 x 10^ particte 
(0.5 {i in diameter) per cu. fl, assuming particles of unit (tensity. If the 
particte concentration increased tenfold, the viability would be lowered 
to about ow-third of a mile with a mass ^mcentration of 1 mg/m'. In the 
case of fog whoe the droptets are much larger, 5-50 {i in diameter, the 
number conoenuation would sddom be more than 140000 droplets per 
cubic foot. A fog omtaining 200 mg/m' has a visibility of about 500 feet 
(Houghton & Radford, 1938). 



ABSOlOTBKr Of rnfeffM AeTOSCiB 

Fluctuations in atmospheric particulate pollution levels in an urban 
area refl^ the influence of chmging mc^rologjcal conditions and for 
proper correlaticm with me^>rolo9cal variaU» should be measured con- 
tinuously over short tin^ intervals. For ccmiparison with the rise and fall 
of ga^us contaminants it is also esential that particulate lewis such as 
smoke or haze concentrations be measured cm a comf^rable time sampling 
ba^s. 

In current air dilution studies s<nne estimate of the hourly levels of air- 
borne particulate matter is ot^ned mea^ring the optical absorbance of 
the stains produced on a constant ar^ of clean white filter {^per when a 
known volume of air has bmi filtered. The extent of darkening or soUing 
of the surfa^ is measured by light transmittance or reflectance and ti^ i^ults 
are converted to an index based on the relationship b^w^n the absorbance 
of the stain ai^ tte lin^r size of air sample filtered. 

Indi^ to indicate haze or ^oke wncentrations or the soiling properties 
of air imsd on a linear relationship beMveen the above parameters have 
been propose S. R. Hall (195^ and by Hmson, Haines & Ide (1953). 
The Km value ddined by Hall relates the absoi^nce of the deposit on Alter 
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paper to the mass equivatent per cubic metre of air. The Coh unit, exten- 
sively used in North America and originally proposed by Hemeon, is defined 
as that quantity of solids producing an absorbance of O.OI. To express a 
concentration, the Cbh values arc reduced to multiptes of lOOO linear feet 
of air drawn through the Wter paper. By definition. Km = 3.29 Cohs/ 
lOOO linear feet. 

In Great Britain, Owens (Shaw & Owens, 1925) developed a method in 
which the deposiu on a filter arc compared with sundard shades of colour 
in shade numbers from zero to 25.0. These shades are calibrated in terms 
of mass concentration, one shade unit being equivalent to 0J2 milligrams of 
smoke per cul»c metre of air. 

In the Detroit-Windsor air polluticHi studies it was fouml by Katz, 
Sanderson k Ferguson (1958) that the i^lationship between ^n (tensity 
and air quantity wbs curwlincar mid could be expr^ed 1^ an equation of 
the form L = a(D x I00y>, analo^us to that proposed by WaUon (19^) 
for eoal dust partides in mine air. L is the length of air sam|rie in feet, or 
the vdunM of air sam|de divided by the area of the filtered deposit; D is the 
absorbance of the stain; a and b are cfflistants. The value b was found 
experinmtally to be about 1.5. 

In order to cmipare the soiling properties of pollu^ air in one area 
with that of an<^ier, all absorNn^ values are reduced to a basis of 
lOOO linear feet, tten 

1000 = a ly * 

D = - (lOOO)*-" 
a 

where D refers to tl» absorbance of a stain when the air sample is 1000 lii^r 
f^. 

Dl 



Also 



a = 



where is the (tensity of a stain i^oduced by any length of air sample L. 
SubstituticMi of the above value for a in the imocding equadon gives 



D = 



100 X Dl 



Multiplication of the absorbance by 100 yields values for easy tabulation 
and comimrison with other data (Katz & Sanderson, 19^). 

The use of the linw relation does not permit of accurate comparison of 
soiling potential of tte siir frOTi one urban area to another even when the 
linear air flow rate and sampling time are constant for tlw two areas. This 
is apparent from a con»deration of the nature of the curvilinear equation 
and two zrtss of hi^ and low particulate loading. 
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Initially the absorbance increases fairly rapidly with air quantity as the 
dust particles cover more and more of the Alter surface until a sufficient 
number of particles have been collected to obscure the entire exposed area. 
During this process of collection there is a tendency for the particles to 
distribute themselves about preferred areas of the filter, as described by 
Dawes (I9S4). After the deposit has been built up in this way the absorb- 
ance will tend to increase much less rafridly with continui^ air sampling 
and dust deposition. For this reason it is a matter of general practice to 
institute a sampling cycle in fiehl work such that the light transmission of the 
stain does not fall below 50 % of the value for the unexposed filter^ or an 
optical absorbance of 0.301 . 

From the above« then, a plot of absorbam^ of a stain versus air quantity 
gives a curve, the slope of which is dependent on the particulate loading, 
among other factors. In the case of heavy particulate loading the absorb- 
ance rises rapidly, at fii^ with air quantity. As the sampling continues this 
rise per unit of air quantity sampted becomes increasin^y smaller. With 
low particukte loading the rise in absortence is at a ^ower rate but follows 
the same pattern as described above. If the soiling potoitials of these two 
samfdes of air are comfmroi by converting the respective absorbancies to 
some unit air quantity, as^iming a linear relation, the value obtained for the 
h^vy particulate loading will be more depresed tlmn that for the low load- 
ing. The curvilinear relationship (the la^ equatim) corrects for this dis- 
crei^ncy and follows more closely the {^th of the absorption versus air 
quantity curve for a particular air. 

CdaicasatlM Niiclet aai loss 

In the absence of foreign particles a highly supersaturated vapour is 
r^uiml Itfore condensation will occur, A supersaturation of atout 4.2 
times is required for water vapour (La Mer, 1952), Very little supersatura- 
tion is r^uired in the pr^ence of particles that can act as nuclei for the 
condensation. 

Nmki are usually of natural origin, such as particles release in vol- 
canic eruptions, in ocean sprays and in the combustion products of forest 
fires. Other sources may include tte emi^ions from industrial operations, 
domestk heating, and transportation equipment. 

It is estimated that tte quantity of niK^lei produ(^, when an acre 
(0.4 hectare) of a^rage grassland is destroyed by fire, would be about 
2 X I(P (Neubcrfcr, 1948). Costc & Wri^t (1935) found that when a 
commercial coal pis flame burned for 15 seconds the number of nuclei in 
a chamber inci^ased from 109 000 to 860 000 per cubic centimetre. Amelung 
A Landsberg (1934) found over 500000 nuclei per cubic mitimetre in a 
ventilated kitchen where a larp gas range was operating. The outside air 
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in the immediate vicinity contained about 25 000 nuclei per cubic centi- 
metre. 

The size range of most nuclei is about 0.001-0,1 jx. Their weight has 
been estimated at 10"*^-I0"** grams or an equivalent aggregate of about 
10^ molecules (Neubcrger, 1948). The size of water vapour nuclei in a 
sufficiently supersaturated vapour for condensation and in the absence of 
foreign matter to cause self-nucleation would be equivalent to an aggregate 
of 80 molecules of water (La Mer, 1952). 

In the ordinary atmosphere the number of nuclei excels the number of 
dust particles by a factor of several thousand (DorffeU Lattan & Rotschke, 
1937). This is due to the fact that the lar^r dust particles are subject to 
considerable s^imentation and also that more nuclei are produced than dust 
particles in many condensation pro<^sses. 

Molecules or molecular complexes of the atmospheric constituents that 
have lost or gained a negative charge, an electron, are termed ions. The 
removal of an electron from a particle requires some external energy. Such 
ener^ may come from radioactive substan^ such as radium and thorium, 
radioactive gases such as radon and thoron, cosmic rays, el^tric discharges, 
friction cl«:tricity produced by blowing sand or drifting snow, splashing 
water from rain showers or waterfalls, short-wave ultraviolet rays. X-rays 
and combustion pro«sses (Gish, 1949; Gunn, 1951 ; Hagenguth, 1951). It is 
interesting to note that cosmic rays are practically the sole sources of ions 
in air over the oceans. 

The number of pairs of ions product per cubic ^ntimetre of air near 
the ground in one second is about 20. The emanation of radioactive gases 
from the ground varies with soil porosity, soil humidity, soil temperature, 
ground covera^, air pre^ure, solar radiation, etc. The concentration of 
ions in the^ir at ground level depends not onlv on the rate of emanation 
fnm the ground but also on the rale of dissipation, which in turn depends 
ou the thermal stratification and the movement of the air. 

An electron may be lost or ^ined by a gaseous molecule or a small 
cluster of mol^ules, resulting in electrically charged condensation nuclei, 
and in this way a small ion may become a large ion. Large ha^ or dust 
particles and fog or cloud droplets electrostatically charge represent the 
ultralargc ions, and commonly carry several elementary charges either 
positive or ne^ive (Gunn, 1951). 

The ratio of ion velocity (centimetres per second) to the electric field 
intensity (volts per centimetre) is known as ion mobility and is measured in 
square centimetres per second volt. Ion mobility is inversely proportional 
to the density of the air (Gish, 1949); however, this factor is ne^gible in 
comparison to the eifecu on mobility produced by foreign matter in the air, 
^rticularly water vapour. Increasing a>ncentraftions of foreign material 
and ^tcr vapour usually diminish ion mobility, owing to the association of 
these materials with ions ai^ the resultant increase in their mass. 
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Great variations with time and place are noted in the concentration of 
small ions, large ions and condensation nuclei, from which the large ions 
are derived. The concentration of positive ions near the ground is about 
10%-20% higher than that of negative ions, uwing partly to the attraction 
of positive ions and repulsion of negative ions by the negatively charged 
wrth's surface. 

The concentration of small ions over land and ocean is about the same 
even though the production of small ions is 15-20 ion pairs per cubic centi- 
metre over land compared to 2 ion pairs per cubic centimetre over the ocean. 
This is due to the higher concentration of condensation nuclei over land. 
H. Landsberg (1938) summarized many condensation nuclei measurements 



TABLE 10 

CONDENSATtON-NUCLEI CONCENTRATIONS 
AT VARIOUS TYPES OF LOCAUTIES 



Localitx 




mixiiiium 
pmr nm* 


Oceans 


1 


40 


blinds 


10 


109 








<1 km 




15S 


1-2 km 


2 


37 


>2 km 


1 


27 


Counery: 






Seashore 


10 


150 


Inland 


10 


336 


Towns 


34 


400 


Cities 


147 


4000 



made at different localities ; and these are shown in Table 10. The much larger 
COTcentrations of condensation nuclei and of large ions over land than over 
the ocean reflect the efiicacy of man-made and natural condensation pro- 
ce^es as nuclei soun^ (Neuberger, 1948). 



Pftrticahte Matte, DefosHti Milter or Dislftll 

The lower atmosphere varies markedly in its content of ^iseous and sus- 
pended impurities from place to pla^. It is cleanest over the ocean. If this 
standard is taken as unity, then the avera^ pollution of rui^l air would be 
10 limes greater, pollution over small tcmns would be about 35 times as 
much, aiHi over cities pollution would be ISO times greater than that of 
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ocean air (Landsberg, 1951). In fact, under unfavourable meteorological 
conditions and with large industrial sources of pollution, the city levels of 
pollution may be several thousand times greater than the values found over 
the oceans. The larger particles of anokc and dust eventually settle out and 
can be measured in dustfall containers. The contributed wind-blown dust 
of natural origin, such as sand and soil particles, is not likely to exceed the 
smoke and dust from chimneys in city areas by more than about 10 %, except 
during large dust storms or when ^oke is brought in from distant forest 
fires. 

The dustfall distribulion in cities is a valuable indication of the amount 
of fly ash and dust deposited from stack emi^ions. The results are usually 
expressed in tons per square mile per month and serve to indicate sources 
and areas of high and low contamination. Most of the particles collected 
in this manner are larger than 20-40 in size. It is natural to expect, there- 
fore, that such data will reflet the scale of industrial and domestic activity 
based on combustion of solid fuels and procc^ involving coaree dust 
emission. A comparison over a period of time at selected stations will 
indicate the suc<^ or failure of pollution abatement efforts directed to- 
wards control of excessive emission. Values of 50-100 tons per square 
mile* per month or more arc found usually in the most contaminated 
districts of the larger, more heavily polluted cities which burn large quanti- 
ties of coal. 

The solid impurities collected in dustfall cans or jars consist of water- 
soluble and insoluble components, tarry and organic combustible material 
apd ash. The soluble fraction in heavily polluted areas is high in sulfate 
and the solution is relatively acidic or low in pH value. The distribution of 
these components of deposited nmtter from samples collected in Greater 
Windsor and some small towns of Ontario is shown in Table 1 1 (International 
Joint Commission, Technical Advisory Board on Air Pollution, 1959). 
Each dustfall station is indicative roughly of conditions over an area of 
about 1 /4 mile radius. 

There is a distinct seasonal variation in deposition of total solids, from 
lower values in summer months to ht^er rates in winter months, as in- 
fluenced by increased fuel consumrHion for heating purposes. On a percent- 
age basis the insoluble solids constttute over 80 % of the total material col- 
lected during the summer months. This figure decreases to about 67 % in 
the winter period. There are corr^ponding changes in the percentages of the 
water-soluble components, as shown in Table 12. The pH of the water 
soluble fraction is distinctly more acidic in the winter months than in the 
summer period. 

It is useful to compare the Windsor dustfall values with data obtained 
in other cities. However, this cannot be done dir^ly because the results 
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TABLE 11 

DEPOSITED MATTER (DUSTFAll) IN THE GREATER WINDSOR AREA 
AND SOME TOWNS OF ONTARIO : 
YEARLY MEAN VALUES IN SHORT TONS PER SQUARE MILE PER MONTH * 



T«sc |»nod 


Toal 
wiidf 


tntot- 
ubt« 
(w»t«r) 




T»r 
<C$.) 


Ochtr 

com* 

mau«r 




pH 




Area of relmttvely heivy pollution 






1$S1 (Aug.-Nov.) 


92.2 


69.2 


21.1 


1.48 


21.0 


45.9 


5.4 




24.2 


74 


0.52 


74 


16.1 




19S2 (Msy-Dec) 


74.3 


58.9 


15.4 


1.39 


15.0 


42.1 


6.5 


26^0 


20.6 


54 


0.49 


5.3 


U.7 




19S3 


88.4 


66.3 


21.6 


0.68 


20.7 


41.7 


5.8 




31.0 


23^2 


7.6 


0.24 


7.3 


14.6 




1954 


96.9 


64.2 


32.8 


0.27 


22.9 


36.8 


5.2 




33S 


22.5 


11.5 


0.09 


8.0 


12.9 




1955 


83.1 


58.3 


24.5 




22.0 


37.4 


5.7 




29.1 


204 


8.6 




7.7 


13.1 






Area 


of relatively moderate pollution 






1951 (Aug.-Nov.) 


50.9 


40.9 


11.3 


0.59 


12.1 


26.2 


6.4 


17.8 


14J 


4.0 


0.21 


4.2 


9.2 




1952 (Miy-Dec.) 


49.0 


39.6 


9.3 


1.37 


9.5 


29.0 


7.3 


17,2 


13.9 


5.5 


0.48 


5.5 


10.2 




1953 


59.1 


46.8 


12.1 


0.69 


11.S 


31.3 


6.2 




20J 


16.4 


4.2 


0.24 


4.0 


11.0 




1954 


65.3 


44.7 


20.6 


0.37 


11.8 


33.2 


5.5 




22.9 


15J 


7.2 


0.13 


4.1 
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1955 


47.4 


33.2 


13.7 




9.0 


25.0 


6.0 




16S 


11.6 


4.8 




^.2 


8.8 






Area of relatively low pollution 






1951 (Aug.-Nov.) 


35.9 


26.9 


8.8 


0.61 


11.0 


16.1 


6.8 


12,6 


94 


5./ 


0.21 


3.9 


5.6 




1952 (Mty-Dec.) 


31.1 


26.6 


6.1 


0.97 


5.4 


19.0 


7.1 


10.9 


9J 


2.1 


0.34 


1.9 


6.7 




1953 


38.3 


28.2 


10.3 


0.48 


7.0 


19.6 


6.4 




134 


9.9 


3.6 


0.17 


2.5 


6.9 




1954 


42.4 


28.4 


14.2 


0.11 


7.6 


20.8 


5.8 




14.9 


9S 


5.0 


OM 


2.7 


7.5 




1955 


35.6 


26.4 


9.3 




8.2 


18.3 


6.2 




12.5 


9.2 


5.5 




2.9 


64 
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TABLE 11 (continued) 
DEPOSITED MATTER (DUSTFALL) IN THE GREATER WINDSOR AREA 
AND SOME TOWNS OF ONTARIO: 
YEARLY MEAN VALUES IN SHORT TONS PER SQUARE MILE PER MONTH • 



Test period 


Tocil 
loltds 


Into- 
lubt« 


Solubl* 
(wit«r) 


(CS.) 


Och«r 

COlTI- 

mut«r 


Ash 






Mean values for Harrow. Kingsvllle and Simcoe. Ont. 




19S3 (Aug.-Dec.) 






214 


10.0 


0.17 


5.5 


16.8 


6.6 




1U 


- 7£ 




0.06 


1^ 


$S 




19S4 




27.6 


16J 


10.9 


0.14 


4.2 


114 


6.1 






97 


5^ 


3.8 


0J05 


1.B 


4^ 




1955 




24.1 


14.9 


8.6 


0.25 


4.0 


10.7 


6.2 






84 


5.2 


3.0 


0^09 


14 


3.7 





* Tft« fifur^ in ittlk type rtprcscnt metric tons ptr <quir« kilometre p«r mwt^. 



TABLE 12 

SEASONAL VARIATION OF TOTAL SOLIDS, 
INSOLUBLE AND SOLUBLE COMPONENTS IN GREATER WINDSOR DUSTFALL, 
OVER PERIOD MAY 1952-MARCH 1956 



Season 


Toul solids 

(tOAS/t^. 

fflile/month) a 


Water 
insoluble loltds 
(%) 


Water 
soluble lolids 


pH 
Water 

solution 




Area of heav/ pollution 




Summer 


58.2 
204 


81.5 


17.6 


6.1 


Winter 


101.5 
35.6 


67.1 


33.0 


5.5 




Area of moderate pollution 




Summer 


40.3 
14.1 


85.3 


14.5 


6.5 


Winter 


67.3 
23.6 


68.8 


31.1 


5.9 






Aret of low pollution 




Summer 


28.2 
9.9 


85.S 


14.3 


6.6 


Winter 


412 
14.8 


66.6 


33.4 


6.0 



a The fifures in iulic type represent metric tons per square kilometre per modth. 
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are influenced greatly by the shape and dimensions of the collector used, 
even when there is no undue influence from other variables involved in the 
location of sampling stations with respect to nearby buildings and stacks. 
Some solution to this problem has been found in the studies carried out by 
Fisher (1957) at the University of Toronto. He has compared dustfall col- 
lections at identical sites with various types of container, including *he 
Detroit-Windsor type, the British standard, the type used in the city of 
Toronto, and a simple stainless steel can recommended by the US Air 
Pollution Control Association. At Windsor, a comparative study has been 
made of the dustfall values obtained with the type of collector normally 
used in the Detroit-Windsor study area and a polyethylene jar conforming 
to American Pollution Control Association standards. From all this work 
a series of factors have been obtained to correct the dustfall data reported 
for various cities so as to make a more valid comparison with the Windsor- 
Detroit dustfall. This comparison is presented in Table 13. No allowance 
has been made for the fact that most cities report only insoluble solids as 
dustfall or sootfalK The known exceptions to this in the table are the results 
reported for Windsor, Toronto and the cities in the United Kingdom, where 
both soluble and insoluble fractions are included. 



Smoke and Su^aided Matter 

Smoke and suspended particulate matter consist of small particles which 
are generally less than 1 (i in size. The particles have a low settling velocity, 
are readily transported by wind currents, and in the smaller sizes behave 
almost like gas molecules. They are generally collected by filtration, impac- 
tion, thermal or electrostatic precipitation methods in air pollution commun- 
ity surveys. The furnaces of the iron and steel industry, the non-ferrous 
metallurgical industry, the manufacture of sulfuric acid, and foundry 
and smelting operations are some of the source of suspended particulate 
matter, in addition to smoke from the combustion of fuels. True smokes 
and many metal oxide fumes, such as those of lead, zinc, arsenic, cad- 
mium, and beryllium, contain particles which are mainly in the submicron 
range. 

The concentration of suspended particulate matter is a valuable index of 
pollution of the air arising from human activities as well as natural soutces. 
Variations in concentration may be closely related to meteorological condi- 
tions and human habits. Observations in many cities indicate a daily cycle 
with a diurnal rhythm, one maximum occurring in the morning at about 
8-9 o'clock and the other in the late afternoon or evening. This diurnal 
variation reflects the influence of solar heating and cooling, turbulence and 
other factors (Davidson, 1942; Katz, 1952c; Shaw & Owens, 1925). It has 
been observed in such widely separated areas as Glasgow, Leicester and other 
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TABLE 13 

DEPOSITED MATTER IN SHORT TONS PER SQUARE MILE PER MONTH 
FOR A NUMBER OF CITIES ♦ 



City 


Year 


reported 


Factor 


Dutcfail 
c<M*rcctcd ^ 


North America 










Detroit^ Area 1 




73.4 


1.00 


73.4 






25J 




25J 


Area 2 




78.4 




78.4 






27£ 




27,5 


Area 3 




49.2 




49.2 






17,2 




17,2 


Windsor, Industrial 


195S 


83.1 


1.00 


83.1 






29,1 




29,1 






47.4 




47.4 






16£ 




16,6 


RAciHAntiai-cAmi-piirat 
rwaiu viifcisi^wiiii 1 uisi 








35.6 






12,5 




12,5 


Tnmntn InHiiCfrisi 


1956 


46.1 


1.85 


85.3 






16,1 




29.8 


Industrial- residential 




23.6 














15,4 


Residential -semi-rural 




11.6 




11.5 






4,1 




7.5 


New York 


1956 


69.8 


1.23 


85.5 






24,4 




30M 




1955 


63.8 




78.2 






22,3 




27,4 


Chicafo 


1947 


61.2 


1.23 


75.0 






214 




26,3 


Plttsburfh 


1951 


45.7 


1.23 


56.0 






16,0 




19,7 


Cincinnati 


1946 


34.0 


1.23 , 


41.6 






11,9 




14,6 


Los Angeles 


1948 


33.3 


1.23 


40.8 






11,7 




14,4 


Rochester 


1942 


26.4 


1,23 


32.3 






9.2 




11.3 


Great Britaiii 










Birmingham 


1954 


50.4 


1.85 


93.2 






17,7 




32,7 


Bristol 


1954 


29.7 


1.85 


54.9 






10.4 




19,2 


Glasgow (East) 


1954 


39.4 


1.85- 


72.9 






13.8 




25,5 
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TABLE 13 (continued) 
DEPOSITED MATTER IN SHORT TONS PER SQUARE MILE PER MONTH 
FOR A NUMBER OF CITIES ♦ 





Y«tr 


Dtncfoll 
rtportfld 


Factor 


Duttfall 


Leeds (P^rk Square) 


-1954 


49.4 


1.8S 


111.4 






17J 




320 


London (Westminster) 


1954 


60.2 


1.8S 


97.1 






21.1 




39.0 


Manchester (Phillips Park) 


1954 


SXS 


1.8S 








18.4 




340 



Source: Gmt Bnttin. DtparUMiit of Sd«nttfic Mn4 Mtistroi R«Msrch (195S) ; A.F. Ftshtr. pmoiul conifny- 
Rkali«il, 1f57; McCabt «t il. <1«»); Ntw York. Hmw Jcncy A Connecticut. Int«rst«« Suiation Commisstofi 

* Th« fif urM in iulk t]rp« r«pr«s«nt m«tfk torn p«r M<»rc kllom«tr« p«r month. 
a Dttstfall valut* lor oUwr cittn have bnn comccwl to corrmpottd Foughly to the data obtainad with tli« 
typ« of collector utad in Oatreic-WHKtior. 

cities in Great Bri:ain, and New York, western Penn^lvania, and the 
Detroit- Windsor region. 

The particulate loading of the atmc^phere for a number of cities is 
indicated in Table 14. During periods of smog, when pollutants accumulate 
under the inversion layer, the concentration of smoke and suspended part- 
iculate matter may rise considerably above the daily mean. In the 1952 
smog episode in London, which caused the number of deaths to rise by 
more than 4(X)0 above the average for the time of year, the daily mean 

TABLE 14 

CONCENTRATION OF SUSPENDED PARTICULATE MATTER 
IN MILLIGRAMS PER CUBIC METRE 
IN THE ATMOSPHERE OF A NUMBER OF COMMUNITIES 



CofflmuAity 


Hinifnuin 


MaMtmuifi 


Maan 


Baltimore. Centfe 


0.21 


1.72 


0.87 


Industrial area 


0.05 


1.46 


0.38 


Cincinnati, Industrial area 


0.01 


1.98 


0.42 


Residential area 


0.01 


1.30 


0.28 


Donora 


0.00 


2.50 


0.74 


Los Anf eles. Detroit, San Francisco, 








Washington 


0.25 


0.47 


0.51 


Windsor. Areas of hif h pollution ^ 


0.036 


0.47 


0.21 


Areas of moderate pollution 


0.001 


0.56 


0.15 


Areas of low pollution 


0.003 


0.21 


0.08 



Source: Cholalc (1f52): Katx ClfSlb). <Sy parmtifion from tha Sfiinfofd Kataarch Inttituta.) 
a OctobarwDacamiKr mi (Katz, 1fS4). 
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levels of smoke or fine particulate matter in the air increased to a maximum 
of 4.46 mg/m^ during the period 3-10 December, or about 14 times the 
daily mean recorded on 11 December (National Smoke Abatement Society, 
1953). 

More recently a considerable body of information on the particulate 
loading and composition of the atmosphere has been made available through 
the operation of the National Sampling Network of the US Public Health 
Service (Chambers, Foter & Cholak, 1955). For example, the air samples 
from five cities having populations in excess of 2 million within their cor- 
porate limits exhibit relatively high levels of particulate matter. The aver- 
age total particulate loading for this class of city was reported to be 264 (x/m^ 
On the other hand, the corresponding loading for a group of cities of inter- 
mediate population range, between 500^XX) and 2 million, was about half 
that of the large-city group— namely, 137 (x/m^ The results from other 
urban areas served to confirm the qualitative observation that the concentra- 
tion of suspend^ particulates in the air over a community is, very broadly, 
related to the number of persons contributing to the pollution. 



ChemioU Conqposhioii of P«ticufaite PoUatioB 

Aerosol contaminants in city air are extremely complex in chemical 
composition. More than 20 metallic elements have been found by chemical 
and spectrographic analysis of the inorganic fraction, in addition to carbon 
or soot and tarry organic material. The most abundant metallic elements 
are silicon, calcium, sodium, aluminium, and iron. Relati /ely high quanti* 
ties of magnesium, lead, copper, zinc, and manganese may also be found. 
The concentrations of these elements will <kpend upon the nature of the 
principal Industrie and the effectiveness of measure taken to control part- 
iculate emis^ons (Cholak, 1952). The distribution of lead in the air of 
cities has been correlated with density of vehicular traffic^ because lead 
compounds are widely used as anti-knock substances in gasoline (Cholak, 
1952; E. L. Hall, 1952). 

The maximal concentrations of various components of particulates 
encountered in the US national air pollution survey are shown in Table 15. 
These values represent the extreme 24-hour integrated dosages prevalent 
under the most adverse drcumstances encountered in an 18-month 
survey and can occur only very rarely. Averap or median concentrations 
of components for large cities of over 2 million population are given 
in Table 16, values for cities of intermediate range in Table 17, and corres- 
ponding data for non-urban areas in Table 18 (Chambers, Foter & Cholak, 
1955). 

There are evident qualitative differences in the fractional analyses that 
may be indicative of dominant sources of pollution in each area. For 
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TA3LE 15 

MAXIMAL URBAN AIR LOADINGS 
(US NATIONAL AIR SAMPLING NETWORK) 



Panicuiat* matter 




ftrtiCuUt« macccr 


Uf/m* 


Total 


3 112.0 


Mg 


15.5 


Acetone^olubte 


234.0 


Na • 


237 


Proteins 


110.6 


K 


87 


Mn 


570 


Sr 


1.55 


Pb 


26.6 


Be 


0.0030 


Sn 


0.84 


As 


1.41 


Fe 


53.6 


F- 


1,64 


Cu 


4.68 


ci- 


7,6 


H 


0.0746 


SO--4 


87,8 


Ti 


2.57 


NO-3 


40.4 


V 


0.640 


Poly cyclic 




Cr 


3.5 


hydrocarbons 


29,6 


Zn 


078 







Source: Chambers. Fofcr ft Chobk (1955). (By perfntukxi from the Stanford ftcmrch lnstKUc«.) 



TABLE 16 

PARTICULATE ANALYSES {MICROGRAMS PER CUBIC METRE) 
FROM CITIES HAVING POPULATIONS OVER 2 000000 
{US NATIONAL AIR SAMPLING NETWORK) 



Articulate matter 


L» Anfclcs 


Detroit 


fhiladeiphia 


Chksio 


New York 


Toul load 


265 


344 


188 


280 


244 


Acetone-soluble 


57,3 


50.9 


30,0 


45.8 


37.7 


Mn 


0.15 


0.74 


0.54 


0.11 


0.07 


Pb 


5.2 


2,9 


9.5 


2.8 


18 


5n 


0.02 


0,06 


0.16 


0.03 


0.08 


Fe 


4.7 


8,3 


6,5 


7.9 


5.2 


V 


0,002 


0,025 


0,174 


0.002 


0.322 


Cu 


0,13 


0.57 


1,34 


0.11 


0.30 


Be 


0,0001 


0.0004 


0.0005 


0.0002 


0,0003 


TI 


0.30 


0.28 


0.15 


0.18 


0.41 


As 


0.02 


0.04 


0.16 


0.04 


0.05 


F^ 


0.38 


0.04 


0.24 


0.03 


0,21 


$o-% 


14.4 


7.5 


15.6 


9.4 


14.8 


NO-j 


14.4 


1.2 


1.6 


17 


0,8 



Source: Clitmber*, Foter & ChoJik (1955). (By permiuiOA from the Suftford ReMtrch Inttitute.) 



example, Los Angeles shows almost twice as much acetone-soluble matter 
as Philadelphia and exceeds all other cities of the network in this respect. 
Another striking feature of the Los Angles sam|.*5 is the relatively high 
value for nitrate ion. Lead is another toxic consti which is relatively 
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TABLE 17 ' 

PARTICULATE ANALYSES (MICROGRAMS PER CUBIC METRE) 
FROM CITIES HAVING POPULATIONS BETWEEN 500 000 AND 2 000000 
(US NATIONAL AIR SAMPLING NETWORK) 



f»ntcuUt* 
macccr 


Cincinniti 


Kansas Cay 


Portland 


Atlanta 


Houston 


San Francisco 


Mir spoilt 


Toul toad 


176 


146 


143 


137 


129 


104 


120 


Acetone-soluble 


31.4 


18.4 


311 


24.2 


18.S 


19.4 


1S.8 


Mn 


0.24 


0.08 


0.23 


0.12 


' 0.23 


0.11 


0.06 


Pb 


1.6 


1.0 


1.2 


1.8 


1.0 


2,4 


O.S 


Sn 


0.03 


0.03 


0.01 


0.03 


0.02 


0.02 


0.01 


Fe 


4.S 


4.1 


S.I 


3.3 


4.0 


14 


4.4 


V 


0.09 


0002 


0.009 


0.024 


0.001 


0.002 


0.002 


Cu 


0.18 


0.04 


O.OS 


0.01 


0.02 


0.07 


O.60 


Be 


0.0002 


0.0003 


0.0003 


0.0002 


0.0002 


O.0001 


0.0002 


Ti 


0.06 


0.21 


0.24 


0.12 


0.29 


0.04 


0.11 


As 


0.02 


0.02 


0.02 


<0.01 


0.01 


0.01 


0.01 


F* 


0.21 


0.01 


Nil 


0.0S 


Nil 


0.37 


0.06 


so--« 


S.6 


1.S 


0.8 


1.0 


2.4 


1.8 


0.8 


NO^j 


1.0 


0.6 


0.2 


0.8 


1.0 


3.4 


1.3 



Source: Chambers. Fotcr ft Cholak (195$). (By p«rmfttioA from tha Stanford Research Ifntitwe.) 



prominent in both Philadelphia and Los Angeles. The highest values for 
sulfate ion were found in Philadelphia, New York and Los Angeles. 

Spectrographic analyses of 23 samples of particulates collected in the 

TABLE 18 

PARTICITLAIE ANALYSES (MICROGRAMS PER CUBIC METRE) 
FROM NON-URBAN AREAS 
(US NATIONAL AlR SAMPLING NETWORK) 



Particulate matter 


Booflsboro 


Salt Lake City 


Atiafiu 


C«ftciftftati 


Portland 


Toul load 


68 


ss 


71 


4S 


86 


Aceton€^luble 


8.7 


6.2 


9.3 


9.0 


12.6 


Mn 


0.00 


0.04 


0.11 


0.07 


0.04 


Pb 


0.1 


0.1 


0.9 


0.4 


0.3 


Sn 


<0.01 


<0.01 


<0.01 


0.01 


<0.01 


Fe 


3.7 


4.1 


17 


Z4 


3.6 


V 


0.003 


Nil 


0.004 


0.001 


0.002 


Cu 


Nil 


0.28 


<0.01 


0.19 


<0.01 


Be 


0.0001 


<0.0001 


0.0002 


0.0001 


O.O001 


Ti 


0.26 


Nil 


0.13 


0.01 


Nil 


As 


0.01 


0.03 


0.01 


<0.01 


0.04 


F- 






Nil 


0.26 




SO- -4 


oJ 


<0.01 


0.S 


1.9 


0.4 


NO-j 








0.7 





Source: Chambers. Foter A CHelak (1955). (Br pvrmtwiofi from the Sufiford Rotearch liiftttuce.) 
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Windsor area yielded the following mean values for elemental components, 
in micrograms per cubic metre of air: silicon 6.2; calcium 3.3 ; aluminium 2.8 ; 
iron 2.5; magnesium 0.8; and lead 0.6 (Katz, 1952c). Other elements such 
as Mn, Cu, and Zn were present in concentrations of less than 0.3 ^/m'. 
Heavy metals such as Ti, Sn, Mo, Ba, Ni, V, and Cr showed m^n concentra- 
tions in the range of less than 0.1 ; Cd and Be were present only in trace 
quantities with mean values of less than 0.01 . These results are in substantial 
agreement ^i^th those reported for the US Air Sampling Network for cities 
in the population class of Windsor. 

The application of X-ray diffraction technique to air pollution prob- 
lems has proved itself useful in the study of air-borne contaminants in the 
Windsor area. The unique feature of the method is that, unlike chemical, 
polarographic and spectrographic methods, it reveals the state of chemical 
combination of the crystalline conMituents of particulates. A limitation of 
this technique is that it gives no information about amorphous materials. 
However^ the various means used to separate specimens from a sample of 
dust often afford indications of relative abundance of constituents both 
crystalline and amorphous. Constituents identified in air-borne parti- 
culates collected in the Windsor area include calcium carbonate, silica, 
aluminium metal particles, gypsum, ammonium chloride, magnetite, 
hematite, nickel fluoride, cadmium carbonate, ophite, carbon, brass, and 
solder particles (Shore & Katz, 1954). 

In nearly all of the above samples, the strongest diffracting constituents 
were a-quartz and calcium carbonate. The X-ray diffraction studies showed 
fair agreement with the sp^trographic analyses. 



Conposftfon (>f Orpmic Fnkdoa 



The organic constituents of atmospheric pollution have been re<^iving 
increasing attention in recent y^ars because of their importance from a health 
standpoint, especially the aromatic hydrocarbons that are potent carcinogens. 
In the Los Angeles area, the hydrocarbons represent one of the largest single 
groups of pollutants dischar^ to the atmosphere, and a considerable 
number of saturated and unsaturated hydrocarbons in the to C|o range 
have been individually identified by the mass sp^trometer (Shepherd et al., 
1951). Condensed polycyclic aromatic compounds in the or^nic fraction 
of the urban atmosphere, in particular the benzopyrenes, have been associa* 
ted with the increase in the incidence of lung cancer (Kennaway & Kennaway, 
1947). 

Usually, the organic fraction of suspended particulates, collated on 
filters, is separated by solvent extraction. For protein analysis, an g-hour 
extraction with acetone removes most of the non-protein organic matter. 
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However, for general organic chemical separation, a more useful product is 
provided by the extraction of san pies with benzene. Purified cyclohexane 
'S a preferred elution a^t for the separation and identification of poly- 
nuclear hydrocarbons by chromatographic adsorption technique. 

The variation in monthly average levels of the benzene-soluble organic 
matter in particulate samples from the atmosphere over a number of cities 
is illustrated by the data in Table 19. With the exception of Windsor, the 
smallest city listed in this table, the results were abstracted from air pollution 



TABLE 19 

MONTHLY AVERAGE BENZENE-SOLUBLE ORGANIC MATTER 
IN VARIOUS URBAN ATMOSPHERES (MICROGRAMS PER CUBIC METRE) x 





Locttioii wid yufs 


Months 


















D«ra«c 




Nmw York 


KMMSt Cicjr 


St Lo^ 




19S5.S* 


1f5«-S7 


1fS5.57 


1955-57 


195S-$7 


1fS5-$7 


January 


78 


U 


174 


124 


206 


239 


February 


73 


141 


185 


151 


123 


312 


March 


49 


92 


161 


122 


90 


135 


April 


62 


73 


177 


118 


132 


94 


May 


45 


69 


145 


91 


74 


112 


June 


52 


117 


133 


82 


104 


109 


July 


40 


82 


106 


SS 


60 


126 


August 


37 


76 


111 


79 


99 


127 


September 


40 


86 


125 


83 


93 


177 


October 




210 


137 


142 


121 


254 


November 




84 


180 


125 


108 


172 


December 


S4 


113 


220 


90 


159 


264 



measurements of the US National Air Sampling Network (US Departn^nt 
of Health, Education, and Welfare, Public Health Service, 1958). Some 
cities show a distinct seasonal trend in tt^ organic matter content of the air, 
with lowest values in the summer months and maximum levels in the winter 
season. In other cities this trend is obscur^. 

The factor of age of samples of particulate material is of some significant 
in relation to products isolated subsequently. This factor is under investiga- 
tion and there is evidence that low boiling-point compoui^s are retained by 
the particulate matter during transport and storage because of the strong 
adsorptive properties of the material on the filter. Ttere is little or no 
evident from the results of the US Network programme to indicate that 
any important diemical changes otur during transport or stora^ of 
samples. Soluble organic materials from particulate matter collated on 
glass fibre filters at sampling stations in 10 cities of the Network have been 
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separated by Tabor, Hauser & Burttschell (1956) into the following frac- 
tions: water-soluble, water-ether-insoluble, basic, weak acid or phenolic, 
strong acid and neutral. The neutral group was further subdivided by 
chromatography into aliphatic and aromatic hydrocarbons and oxygenated 
derivatives. 

Potymclear Aronuitic HydrocartNHis and Cardnogeiis 

The presence of carcinogens in urban air has been reported in Great 
Britain, the USA, Canada and elsewhere. Kotin et al. (1954) showed that 
the Los Angeles air contained a number of carcinogens, including 3: 4- 
bcnzpyrene. In Great Britain, Clemo & Miller (1955) demonstrated the 
presence of substant^s having marked carcinogenic action in city smoke, 
and Walter (1952) identified benzpyrene in the air over a number of cities. 
Kotin et al. (1954) and Kotin, Falk & Thomas (1954, 1955) have identified 
pyrene, bcnzpyrenes, and other polycyclic aromatic hydrocarbons in the par- 
ticulates from the exhaust of both gasoline and Diesel engines. More 
recently, Falk & Kotin (1956) have demonstiBted the production of can- 
cerous tumours in mice by skin exposure of acetone extracts of aliphatic 
compounds consisting of branches and cyclic hydrocarbons and their 
epoxide states. The results of an examination of the Salford, Lancashire, 
atmosphere by Cooper (1954) revealed the following concentrations of 
polycyclic hydrocarbons in micrograms per 100 cubic metres of air : pyn;nc, 
18.0-35.0; a^ -tjcazpyrefle, 19.7-29.0; 1 : I2-benzperylene, 16.1-35.0; and 
fiuoranthene, 20.0. 

Similar investigations of the Windsor atmosphere by Shore & Katz 
(1956) reveal^ the presence by specific identification of pyrene. fiuoran- 
thene, bcnz(a)anthraccne, chrysene and benz(e)pyrene. The presence of 
benz(a)pyrene was also indicated, as well as higher members of this aromatic 
series. 

Infra-red absorption data on carbon tetrachloride extracts of Windsor 
particulates showed strong absorption bands for the presence of aliphatic 
and aromatic C-H bonds, aldehyde, ketone or ester and carboxylic acid 
' groups. The spectrum of the extract was similar, qualitatively, to those ob- 
tained by others for air samples from Detroit, Philadelphia and Houston 
(Chambers, Tabor & Foter, 1955). 

Gases and Vapours 

SaHor dioxide 

This ^ is one of the principal contaminants and has been studied 
extensively in many urban and industrial areas. The measurement of con- 
centration levels and study of dispersion of smoke and sulfur dioxide have 



PHYSICAL AND CHEMICAL ASPECTS 



been conducted systematicaiiy for many years in a country-wide network of 
sampling stations in Great Britain, under the guidance of the Department of 
Scientific and industrial Research. These studies constitute, probably, the 
most comprehensive information available on the nature of the association 
between air pollution and fog to produce smog. A great number of local 
or municipal authorities participate in this work ; for example, between 1944 
and 1954 the number of co-operating bodies rose from 77 to 222. One of 
the most important recent developments in the application of the results has 
been the study of the distribution of pollution in relation to the incidence of 
respiratory diseases, including bronchitis and lung cancer. 

Sulfur dioxide is readily absorbed by vegetation, soil and water sur-- 
faces, and accelerates the corrosion and deterioration of wire, ihetals, paper 
and textiles, and building materials. Many species of green plants are 
particulariy susceptible to injury by this gas, particularly at concentrations 
above about 0.3 p.p.m., if exposure is prolonged for more than a few hours 
under optimum light, temperature, relative humidity, soil moisture and 
other growth conditions (Katz, 1949). 

Relatively high average and maximum concentrations of sulfur dioxide 
have been reported in many of the larger cities of Great Britain, the USA and 
elsewhere. The annual consumption of coal in such cities may amount to 
many millions of tons, in addition to liquid and gaseous fuels. The sulfur 
content of the fuel varies from less than 1 % for good quality anthracite to 
over 4 % for some grades of bituminous (high-volatile) coal. In the USA* 
the annual consumption of coal in Pittsburgh is about 20 million tons. 
New York City nearly 32 million. Greater Detroit 13 million, St Louis 5.5 
million, and Birmingham 11 million. 

The average concentration varies with the amount and sulfur content of 
the fuel used for heat, electricity and power, and hot water. In certain 
areas there is a distinct seasonal variation, the average concentrations rising 
during the cold months of the heating season. Since the industrial consump- 
tion of fuel does not vary greatly throughout the year, this variation is due 
mainly to domestic use and demand for space heating. In recent years there 
has been a progressive decrease in the average atmospheric concentrations 
of several lai^e cities owing to the increased use of coal with a lower ^Ifur 
content and natural gas or oil for space heating. Air pollution control 
measures in St Louis prohibit the use of high sulfur coal. The trend in 
North America towards increased consumption of natural gas, instead of 
coal, for space heating and industrial operations is likely to accelerate in 
tte future and will result in a considerable reduction in sulfur dioxide pol- 
lution and smoke. 

Comparative figures of mean sulfur dioxide levels in a number of cities 
in Great Britain are given in Table 20. A distinct seasonal trend is evident. 
Fairiy extensive studies have been made of sulfur dioxide conditions in the 
Greater Detroit-Windsor area as the result of an air pollution reference to 
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TABLE 20 

CONCENTRATIONS OF SULFUR DIOXIDE 
IN THE ATMOSPHERE OF A NUMBER OF CITIES IN GEAT BRITAIN 



City 
and MM 


Sampliiif 
p«Ho4 


Avcrif* tHffvr dioxHiv%ofiMfitr»tion 
(p.^.fii. by volume) 


Summer 


Wianr 


Year 


Htsbtsc daily 
mean 


Glasgow 


1W-54 


0.06 


0.11 


0.09 


0.86 


Leeds 




0.11 


0.22 


0.16 


0J7 


Leicester 


1949-54 


0.06 


0.14 


0.10 


1.17 


London (Lambeth) 


1949-54 


0.06 


0.19 


0.14 


1.34 


London 










(Westminster) 


1950-54 


0.06 


0.18 


C.13 


1.23 


Salford 


1949*54 


0.10 


0.20 


0.15 


0.95 


Sheffield 


1949-54 


0.11 


0.18 


0.14 


1.14 


Wolverhampton 


19^54 


0.02 


0.05 


0.04 


0.24 



Source: Great Sritajn. Defartmeflt of Sctencific and IndMcrial lUtearcii <1f5S). 



^ TABLE 21 
CONCENTRATIONS OF SULFUR DIOXIDE 
IN THE ATMOSPHERE OF THE DETROIT-WINDSOR AREA 



' Station 


Sampiiflf 
peHod 


Average tvtfiir dioxide MncentratKNi 
{p^p.m. by volume) 


Sufflfner 


Winter 


Year 


f^ifflum 
monthly mean 


Detroit, Area 4 


July 1953- 












April 1955 


0.047 


0.130 


0.095 


0.180 


Detroit, Area 24 


July 1953- 












April 1955 


0.030 


0.058 


0.046 


0.070 


Windsor, 








Hi|h pollution 


September 












1950-55 


0.051 


0.047 


0.044 


0.116 


Windsor, 










Low pollution 


September 












1950-55 


0.011 


0.020 


0.016 


0.073 


Windsor, Semi-rural 


September 












1950-55 


0.003 


0.015 


0.007 


0.027 



Source: internatiofia) Joinc Cemmtasioft. Tedmieal Adviwry Board on Air FoliutioA (IfW). 



the International Joint Commission of the USA and Canada to investigate 
the pollution problem in the Detroit River area (International Joint Com- 
mission, Technical Advisory Board on Air Pollution, 1959). Some results 
of this study are shown in Table 21. Other data on comxntrations in the 
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atmosphere of a number of American cities are given in Table 22. Subs- 
tantially higher levels of gas are encountered in cities of larger population 
where solid fuel consumption is i^latively greater. 



TABLE 22 

CONCENTRATIONS OF SULFUR DIOXIDE 
IN THE ATMOSPHERE OF A NUMBER OF COMMUNITIES * 







ConcsfltratioA <p^.m.) 


Community 


Nymb«r 






oCtimpits 




Ay*ns« or in«in 


Clilcaf o (1937) 






0.67 


Rtiiroad station 


32 


Trace-r54 


Manu^Ktuf Ins area 


99 


0.17-3.16 


0.S0 


Commercial area 


89 


Trace-3.16 


0.41 


Pittsburgh (1931-32) 




0.00-XS 


0.30 


Industrial area 


607 


St Louis (1937) 




0.0-1 .860 


0.25 « 


Cold months 


663 


Chicago (1937) 




Trace-0.47 


0.16 


Residential area 


32 


Donora(1949) 


529 


6.00->0.50 


0.15(0 = ±0.13) 


St Louis (1937) 






0.127 « 


Warm months 


673 


0.0-0.756 


Baltimore (1950) 






0.074 


industrial area 


79 


0.01-0.46 


Cincinnati (1947-S1) 








industrial and 








commercial areas 


227 


O.OO-h-0.46 


0.064 (0 = ±0.058) 


All areas 


298 


O.OO-h-0.46 


0.061 (0 ^ ±0.061) 


Residential area 


71 


O.OO-h-0.27 


0.044 (0 ^ ±0.058) 


Cleveland (1949-50) 






0.042'' 


Industrial area 


290 


0.0-0.489 0 


St Louis (1950) 






0.041 « 


Cold months 


243 


0.0-0.51 *t 


Los Anfeies (1949-50) 




Trace-0.60 




Cincinnati (1947-51) 






0.037 (9 = ±0.056) 


Rural area 


69 


0.00-0.31 


Salt Uke Oxy (1919*^ 


27 




0.036 


Yonkers (1936-37) 


continuous 




0.032 


observations 


0.0-0.75 


St Louis (1937) 






0.03 « 


Warm months 


294 


0.0-0.24 


Charieston (19$0-S1) 


143 


0.001 -aiB 


0.023 (0 = ±0.027) 


Baltimore (19S0) 






0.023 


Rural area 


12 


0.00-1-0.11 



S««rc«: Chdiak <19S2). <By pttrmifstoii (rem th« Stanford Ktttarch IfifcituM.) 
* Arrinttd m doictftdint erd«r. 
a SOt vtlut* u wch. 



Grcenburg & Jacobs (1956) have estimated recently that the annual emis- 
sion of sulfur dioxide to the New York City atmosphere from combustion 
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of fuels is in excess of 1.5 million tons. Studies of the seasonal variations 
show a peak in December and January, when the average concentration 
attains about 0.25 p.p«m. Diurnal variations in concentration were also 
noted, with a maximum usually occurring during the morning period from 
6 to 10 a.m. A subsidiary maximum also was found to occur in the late 
afternoon or early evening. Such diurnal variations have also been observed 
in the Detroit-Windsr area. Since no solid fuel is used in the Los Angeles 
area, sulfur dioxide levels ire comparatively low for a city of this size. Here 
also, the concentrations show a diurnal trend, with average values in the 
range of 0*05-0.10 p.p.m. 

Hydrogen sulfide and organic sulfides 

As a rule, these substances are not liberated in appreciable quantities by 
industrial operations in city communities. They cause odour nuisances when 
present in the air at concentrations 10-100 times smaller than the lowest 
concentration of sulfur dioxide detectable by smell, Mercaptans and hydro- 
gen sulfide are evolved in the manufacture of coke, distillation of tar, 
petroleum and natural gas refining, manufacture of viscose rayon, and in 
certain chemical processes. Such effluents are either burned to sulfur dioxide 
before liberation to the air or els'^ are absorbed in " purifiers " containing 
iron oxide. In Great Britain the iron sulfide or " spent oxide " from such 
purification measures is used for the production of sulfuric acid on a con- 
siderable scale. The recovery of hydrogen sulfide by the Girbotol and other 
processes is becoming standard practice in the petroleum indu^ry and repre- 
sents a source of elemental sulfur of increasing importance. 

A dramatic inc»Henl involving deaths from air pollution by the escape 
of hydrogen sulfide from the Girbotol units of a natural-gas refining plant 
occurred at Poza Rica, Mexico, in November 1950. This severe fumigation 
caused the deaths of 22 persons and the hospitalization of about 300 others 
(McCabe & Clayton, 1952). The symptoms of the afiected population and 
other circumstances indicated that the gas concentrations must have reached 
extremely hig^ levels over a period of about one hour. 

Although the maximum allowable concentration for HgS is 20 p.p.m. by 
volume, its odour may be detect Sle in the range of 0.035-0.10 p.p.m. A 
limited number of observations in some cities have usually shown the exist- 
ence of relatively low concentrations, less than 0.10 p.p.m. Of 49 air samples 
analysed in the Windsor area, concentrations of HgS ranged from 0.0 to 
0.6! p.p.m., with a mean of OJI p.p.m. (Katz, 1952c). The high values 
were recorded close to sources having a distinct odour. 

Hydrogen fluoride and chloride 

Fluorides may be present in the atmosphere in gaseous or solid forms as 
effluents from the aluminium industry, from the manufacture of phosphate 
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fertilizer, brick plants, pottery and ferro-enamel works. Small amounts 
are also lib. »ted in the combustion of coal and from fluxing agents used in 
making foundry iron and jn miscellaneous cupola and blast furnace opera- 
tions. Hydrogen fluoride and volatile fluorides are important air conta- 
minants in extremely low concentrations, 0.001-0. 10 p.p.m. by volume. The 
gas accumulates in the leaves of plants and can be absorbed in forage to such 
an extent as to cause fluorosis in animals. Gladiolus, prune, apricot, and 
peach, among other sensitive plants and flowers, are extremely susceptible 
to hydrogen fluoride in concentrations as low as O.02-0.05 p.p.m. This has 
created a problem of special concern to agricult. 2 in the vicinity of large 
aluminium refining and steel manufacturing operations. Fluorides, especial- 
ly gaseous compounds, rapidly attack glass by etching the surface. 

The concentrations which have been found in the air of a number of 
communities are shown in Table 23. The values are lower than those of 
virtually all other pollutants which may occur in the atmosphere from indust- 
rial activities. However, the high degree of toxicity of fluorine compounds 
renders the control of such emissions imperative for industries manufactur- 
ing aluminium metal and phosphate fertilizer. 

Hydrochloric acid and chlorine caused widespread damage to vegetation 
and property in Great Britain in the early days of the alkali industry, when 
the by-products of the Leblanc soda process were allowed to escape into the 



TABLE 23 
CONCENTRATIONS OF FLUORIDE 
IN THE ATMOSPHERE OF A NUMBER OF COMMUNITIES* 



Comm unity 


NumiMr 
of umplts 


Cofictntncion (p.p.m.} at HF 




Avflra|« or mean 


Baltimore (l^'W)) 








Industrial area 


79 


0.000- 0.08 


0.018 


'Residential area 


21 


0.000- 0.021 


0.006 


Clevel^d (1949-50) 






0.014 


Industrial t.^i 


256 


0.000-> 0.063 


Donora (1948^9) 


40 


0.000- 0.06 


0.008 


Donora (1949) 


249 


0.000.>0.03 


0.006 


Los Angeles (1948) 


20 


0.000- 0.025 


0.008 


Cincinnati (1946-51) 






O.OOS-h 


All areas 


386 


0.000- 0.025 


Rural area 


75 


0.000- 0.025 


0.0047 


Residential area 


94 


0.000- 0.025 


0.006 


Industrial and 








commercial areu 


292 


0.000- 0.025 


0.005 


Charleston (1950-51) 


132 


0.000- 0.03 


0.003 



Sourc*: Cholak (19S2). {ty ptrmiuion from iht Sutiford KMMreh InitUuU.) 
* Arnnftd in dt$€«nd in| ordtr. 
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atmosphere (Meetham, 1952). The first Alkali, etc. Works Regulation Act 
of Great Britain, passed in 1863, specified a 95 % recovery of such emissions, 
and an amendment to thiS Act in 1874 limited the discharge of hydrochloric 
acid to 0.2 grain * per cubic foot of flue gas, before dilution with other stack 
gas or air. However, recovery of such by-products is relatively easy and 
profitable, so that escapes of significant quantities seMom ^ur, except 
under accidental conditions. The modem alkali industry is based on the 
electrolysis of common salt, and by-products are usually carefully controlled. 
Average concentrations of chlorides reported for a number of cities, cal- 
culated as Ch in p.p.m., vary from about 0,016 to 0.095, as shown in 
Table 24. 



TABLE 14 
CONCENTRATIONS OF CHLORIDE 
IN THE ATMOSPHERE OF A NUMBER OF COMMUNITIES* 







Cenc«n(n(iofi (p.p.m.) 


Community 


Number 






of samples 


Ran|« 


Av«r*g« or mean 


Chlcafo (1912-13) 






0.078 


Doriora (1949) 


247 


0.00 -0.3 


0.071 (<j = ±0.067) 


Donora (1948-4^ 


39 


0.014-0.27 


0.070 


Baltimore (1 950) 


79 


0.001-0.11 


0.037 {a = ±0.026) 


Cincinnati (1946-S1) 






All ar«as 


227 


0.00 -0.19 


0.033 (o = ±0.033) 


Rural area 


52 


0.00 -0.106 


0.026(0 = ±0.027) 


Residential area 


51 


0.00 -0.106 


0.030 (<jss ±0.027) 


Industrial and 






commercial areas^ 


176 


0.00 -0.19 


0.034 (c = ±0.034) 


Charieston (1950-51) 


152 


0.00 -0.068 


0.016 


Salt Uke City (1919-20) 




0.001-0.025 « 




Windsor, Ont. 


48 


0.00 -0.62 


0.095 



Source: ChoUlt <1«2); Katx (IfSlb). (By permission from (He Stanford Research InStituee.) 
* Arranfed in dascendinf order. 
a ftecaiculated as Ci~. 



Oxides of nitrog^ and ammoiiia 

It is probable that oxides of nitrogen are the second most abundant 
atmospheric contaminant in many communities, ranking next to sulfur 
dioxide. These oxides are important by-products of the chemical industry 
in the manufacture of nitric acid, sulfuric acid*by the chamber process, 
nitration of organic compounds, and manufacture of nylon intermediates, 
and are formed in varying quantities in internal combu^ion engines from 
the air supplied to the fuel. Significant amounts are liberated in the exhaust 



* 1 grain ^ 0.064 g. 
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gases of trucks and passenger automobiles. As shown earlier, automobiles, 
trucks and buses in the Los Angeles area emit about 430 tons of nitrogen 
oxides to the atmosphere daily. In the combustion of natural gas by 
domestic gas appliances and furnaces, the products of combustion may 
contain from IS to 50 p.p.m. of oxides of nitrogen. The most favourable 
conditions for the formation of these oxides in the combustion chamber 
of furnaces are high temperature followed by rapid cooling of the products 
of combustion. Industrial furnaces and internal-combustion engines may 
release up to 500 p.p.m. or more of nitrogen oxides in the waste gases 
(E. L. Hall, 1952). 

Oxides of nitrogen, as such, are more dangerous to human health than 
to vegetation. Both nitric oxide and peroxide are readily absorbed by the 
blood, after inhalation into the lunp, and combine with the haemoglobin 
to form an addition complex similar to the action of carbon monoxide. In 
this respect, these oxides are more injurious than carbon monoxide in equi- 
valent concentrations. It is standard practice in the chemical industry to 
absorb and recover significant quantities of oxides of nitrogen. 

The concentration levels of oxides of nitrogen have been studied exten- 
sively in the Los Angeles area. Some indication of the observed values is 
given in Tables 25 and 26. The levels show a diurnal variation with a peak 
at about 8 a.m. (Hitchcock et al., 1955; Larson, Taylor & Hamming, 1955). 
These oxides have also been measured in other communities but the samp- 
ling has been carried out on a limited basis only and comparisons are not 
justified. 

TABLE 25 

CONCENTRATIONS OF POLLUTANTS IN THE LOS ANGELES ATMOSPHERE 
(MAXIMUM VALUES AS MEASURED 
OVER CENTRAL LOS ANGELES ON VARIOUS DAYS) 



CoflC«ntra^iOfts« in p 


.p.ni. by volumt 


ConcMtratiofit M>f /m* 


P^lutanc 


Day of food 

vitibHicy 


Day 
of r«4uc«d 

vitibHicy 


PoiiuUftt 


Day cl good 

visibilify 


Diy 
of rtductd 

viiibility 


Acrolein 




Present 


Aluminium 


0.003 


0.008 


Lower tldeh/des 


0.07 


0.4 


Calcium 


0.006 


0.007 


Carbon i.^onoxide 


3.5 


23.0 


Carbon 


0.035 


0.132 


Formaldehyde 


0.04 


0.09 


Iron 


0.003 


0.010 


Hydrocarbons 


0.2 


1.1 


Lead 


0.002 


0.042 


Oxidant 


0.1 


0.5 


Ether«$oluble 












aerosols 


0.012 


0.120 


Oxides of nitrogen 


o.oa 


0.4 


Silicon 


0.007 


0.026 


Ozone 


0.06 


0.3 


Sulfuric acid 


0.000 


0.110 


Sulfur dioxide 


O.OS 


0.3 









Sourct: Lot Afig«lM County Air Pollution Control 0iitfiet (1f49« IfSl). 
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TABLE 26 

MAXIMUM CONCENTRATIONS OF AIR POLLUTAN1S 
MEASURED IN LOS ANGELES COUNTY 



Potty »nt 


Concentration 
(p p m ) 


Location 


Oatt 


Total aldehydes 


1.87 


Pasadena 


30/5/57 


Carbon monoxide 


72.00 


Central LA. 


3/12/57 


Total hjfdrocarbons 


4.66 


Ei Sefundo 


11/8/57 


Nitrogen dioxide 


1.74 


Central LA. 


17/9/53 


NO-i- NOt 


1.86 


Dominguez 


12/12/57 


Toul oxidant (Kt) 


0.69 


Central LA. 


13/9/53 


Ozone (rubber cracking) 


0.90 


Vernon 


13/9/55 


SOs (autometer) 


2.49 


El Segundo 


27/6/57 


Particulate matter 


26.4 Km units 


Vernon 


22/11/57 



Source Lot Anfcict Coynty Air P^tytion Controi Out net (1949. 19S1) 



Ammonia and ammonitim salts are not important air contaminants. 
Ammonia is an important raw material in the fertilizer and organic chemical 
industries and in the manufacture of nitric acid by the oxidation process. 
4ts recovery is a matter of fundamental importance in the economical 
operation of such processes and in the manufacture of gas from coal. 

Aldehydes 

Lower aldehydes may be present in the atmosphere of some industrial 
communities in concentrations about as high as sulfur dioxide. Relatively 
high aldehyde levels have been reported in Los Angeles, and in some other 
cities such as Cincinnati and in the industrial-commercial section of Windsor, 
'Mear the Detroit River (Cholak, 1952; Katz, 1952b; Larson et al, 1955). 
Formaldehyde is irritating to the eyes of some people in concentrations as 
low as about 0.25 p.p.m. by volume, although several p.p.m. are required to 
alTect the majority of persons exposed (Los Angela County Air Pollution 
Control District, 1949, 1951), In the Los Angeles district pronounced 
eye irritation is experienced by large numbers of people whenever intense 
smog conditions prevail. However, the aldehyde concentrations alone are 
not high enou^ to account for this effect. 

Cholak (1952) has shown that aldehydes in the air vary not only with the 
nature of the activity of an area but also with the density of motor traffic. 
The incomplete oxidation of motor fuel and lubricating oils leads to the 
formation of aldehydes and organic acids. The products of combustion of 
natural gas may also contain aldehydes. It is probable that atmospheric 
contamination by aldehyde is due more to the exhaust and blow-by gases of 
motor vehicles than to the waste products of industrial and heating plant 
sources. 
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Carbon monoxide 

Next to carbon dioxide, carbon monoxide is the most abundant pollut- 
ant and may show wide diurnal variations in the urban atmosphere. The 
concentrations in city streets vary with the density of motor traffic. Fairly 
extensive studies of this contaminant have been made by Cholak (1952) in 
Cincinnati and by the Los Angeles Air Pollution Control District (see 
Tables 25 and 26). In the commercial and industrial districts of Cindnnati, 
the concentrations have ranged from 0 to 55 p.p.m., with an average of 
9.5 p.p.m. as compared to about 4.0 p.p.m. in the residential area. 

In Los Angeles, carbon monoxide levels, in a 4-month continuous aero- 
metric survey carried out in 1954 (Hitchcock et al., 1955), have been report- 
ed to reach a diurnal mean peak of 8.8 p.p.m. at 8.30 a.m., with hydrocarbons 
at 0.38 p.p.m. at the same time. The CO levels drop sharply to about 3.5 
in the eariy afternoon and rise a^in to about 7.0 p.p.m. at 4.30 p.m. Cor- 
responding values for aldehydes exhibited smaller variations about the 
maximum average of 0.20 p.p.m. attained at about noon. The maximum 
concentration of carbon monoxide in the centre of Los Angeles was reported 
to be as high as 72 p.p.m. in December 1957. 

Organic rnpoar contamioftirts 

Considerable success has been attained in the identification of con- 
densable organic impurities in the atmosphere by mass spectrometric tech- 
niques, as devised by the late Dr Martin Shepherd of the US National 
Bureau of Standards. For this purpose the atmospheric pollutants are col- 
lected by condensation in a Shepherd trap cooled to the temperature of boil- 
ing oxygen (— 183**C). Relatively large volumes of air must be sampled in 
this manner as the pollutants of primary concern here may be present in a 
total concentration of as little as 0.10 p.p.m. or less. About 50 chemical 
substances were identified in the mass spectrometer by Shepherd et al. (1951) 
in a single sample collected in Los Angeles in 1950. 

Weaver & Gunther (1955) have reported, more recently, on the composi- 
tion of samples taken in Los Angeles, Pasadena, Detroit, Wilmington and 
Washington. Condensates from all these cities showed mass spectra of the 
same general character with a considerable degree of regularity. There was 
a close resemblance between traffic gas and smog condensates in several 
cities, and this is evidence of a common genesis in motor fuels and motor 
traffic. Two evolutionary steps were evident— first, the reactions that occur 
in the engine cylinders and, secondly, those that occur in the air afterwards. 
The results have been compared with mass spectrometric records of several 
samples taken^ring some of the brilliant experiments of Dr Haagen- 
Smit with mixtures of hydrocarbons and oxides of nitrogen under ultra- 
violet irradiation. Weaver & Gunther (1955) state that the second 
group of reactions— thosf that oarur in traffic gases when they enter the 

to 
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atmosphere— would be completely baffling, except for the work of Haagen- 
Smit (1952). 

A significantly larger number of mass peaks were found after combustion 
of gasoline than before, and there wkfe a general redistribution of masses. 
This consisted of a relative increase in ions of low masses, and in high 
masses, especially above 100* The percentage of benzene in condensate 
from traffic gas was about 1 .7 times that in gasoline; of toluene 3 times, and 
of xylene 30 times. There was evidtr.ce of the formation of oxygen com- 
pounds and also a striking increase in ions characteristic of the heavier 
unsaturated compounds of the olefin or cycloparaffiii series and the acetylene 
or diene series, esp^ially the latter. In a general way the changes that oc- 
curred in Haagen-Smit's reaction chamber were similar to the changes 
necessary to convert the mass pattern of a typical traffic gas sample into a 
typical Los Angeles smog pattern. A number of ions were identified as 
oxides or epoxides of hydrocarbons formed through the oxidation of 
unsaturated hydrc^rbons. — — — — 

It was not possible to identify more than a small fraction of the large 
number of chemical compounds present in the vapour state. About 85%- 
95 % of the condensate remaining after removal of water and carbon dioxide 
consists of hydrocarbons and their direct oxidation products. Such vapour 
phase pollutants during smog are very much alike on different days and in 
different parts of the LoS Angeles Basin. They are also similar to the atmos- 
pheric pollutants during a smog in Detroit. Furthermore, the photochemical 
oxidation and polymerization of hydrocarbons promoted by nitrogen oxides, 
as disclosed by Haagen-Smit, provide apparently an adequate explanation 
of the formation from traffic gases of almost everything in the nature of 
organic impurities found in the air during a smog. 

A number c** other substances, probably not associated with motor fuels 
or motor traffic, were found in variable quantities. These included tri- 
chloroethylene, carbon tetrachloride, hydrochloric acid and sulfur dioxide. 
There was usually about 10% of aromatic compounds in the condensate. 

More evidence of the composition of condensable pollutants is available 
from a recent study of smoke and air pollution in New York-New Jersey 
as reported by the Interstate Sanitation Commission of New Jersey, New 
York and Connecticut (1958). The results are shown in Table 27. The 
Bayonne sample was collected downwind of an area almos|p exclusively 
occupied by petroleum refineries and storage tanks. Traffic in the area was 
light and did not contribute significantly to the condensate. The total 
pollutant concentration in the air from which the sample was obtained was 
about 0.5 p. p.m. The Staten Island sample was taken at the edge of a 
marshy area several miles downwind of an industrial area on the New Jersey 
mainland. The total pollutant concentration in the air at the time was about 
0.03 p. p.m. Neither of the above samples showed mass patterns that 
resembled the normal pattern for traffic gas, although some of the pollutants 
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Polluunc 



Paraffins: 

n-BuUne 

2,2-Dimethyl buun« 

n-PenUnc 

Propane 

2- Methyl propane 

2.2- Dimethyl propane 
n-Hexane 

3.3- Dinnethyl hexane 
n -Heptane 

3- Ethyl hepune 
n*Ocune 

2.4- Dimethyl penune 
2,4-Dimethyl-3-ethyt penUne 

Cycloparaffins: -'^ 

1.1- Dlmethyl cyctopenune 
1.1t3-Trinfiethyl cyclohexane 

OleHiis: 

1- Butene 

2- Mf*thyl propene 

3- Methyl*1-butene 
2,3,3*Tr i methyl-1 -butene 
1-Octene 

1-Nonene 

Dodecene 
Acetylenes: 

Acetylene 

1 -Octyne 

3-He)cyne 

l-Hcptyne 
Aromatic liydrocarbons: 

Benzene 

Toluene 

Xylene 

Trimethyl benzene 
Diethyl benzene 
1«Methyl-3-tert-butyl benzene 

1.2- Dlphenyl ethane 
Cliiorinated hydrocarbons: 

Chloromethane 
Dichloroethylene 
Triwhioroethylene 
Carbon tetrachloride 

Other: 
Methyl amine 
Diethyl amine 
Acetic acid 
2*BuUnol 
Sulphur dioxide 

2.3- Oimethyl thiophene 
3-Hethyl thiophene 



Statcn tstand 


Bayonntt 


(Mole %) 


(Moi« %) 


48.91 




67.54 






— 




7.82 




3.60 




13.71 




— 




9.16 




27.97 




— 




8.78 








— 




19.66 








fl AA 

0.44 




— 




1.42 




— 




2.00 








0.j4 












8.56 












3.07 


— 




o.Ml 






— 




8.19 




— 




0.31 


11.37 




16.07 










9.34 








2.96 








1.5U 




0.50 








8.37 




1.31 








0.96 




2.50 






1^22 




2.73 






9.84 




^03 








0.70 




1.42 








0.96 






6.8S 




3.18 






2.20 




1.71 




0.86 




0.81 




0.69 




0.66 




0.83 








0.56 








0.39 








1.35 






5.4S 




0.18 






3.91 








0.97 




0.15 




0.57 












0.03 


15.15 




1.82 






9.39 








2,73 








3.03 












0.40 








0.12 








0.82 








0.48 
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identified probably have their source in traffic gases. On the other hand, the 
mass spectra of samples collected on a busy street in Manhattan correspond- 
ed to a mixture very similar to normal traffic gas. 

Recent developments in the separation and detection of volatile hydro- 
carbons and otfier organic compounds by gas chromatography have placed 
a powerful tool in the hands of workers in the field of air pollution. One 
method employs the th.^rmal conductivity principle, widely used in gas ana- 
lysis, for measurement after separation and fractionation of components of 
the mixture by adsorption followed by desorption, using an inert carrier 
gas. The advantages and limitations of this method are discussed by 
Brown & Dean (1955). Another type of detector employs a method based 
on flame temperature measurements during the combustion of gas fractions 
with hydrogen as the carrier gas (Scott, 1953). 

Smog 

Although the term " smog " was coined to denote smoke and fog con- 
ditions in urban and industrial areas, the composition and effects of pollu- 
tion by smog gases are best known from studies on the Los Angeles problem. 
Severe economic losses caused by damage to vegetation, eye irritation, and 
rapid deterioration of rubber are attributed to the action of or^nic ozonides, 
peroxides and acids. Or^nic acids, aldehydes, and saturated hydrocarbons 
in the concentrations found in the Los Angeles smog atmosphere caused no 
injury to sensitive plants, such as endive, Romaine lettuce, and spinach, 
characteristic of the smog damage or " silverieaf " symptoms. However, a 
mixture of ozonides and other peroxidic compounds, acids and aldehydes 
formed by the interaction of ozone and olefins in low concentrations did 
produce smog symptoms identical with those found on crops in the field. 
When plants were exposed to the oxidation products of unsaturated hydro- 
carbons reacting with nitrogen oxides in sunlight, similar damage was pro- 
duced on the leaves. It was also found that when ozone or oxides of nitro- 
gen were combined with certain olefins in sunlight, the products were irritat- 
ing to the eyes at the concentrations to be expected ip the Los Angeles 
atmosphere. In experimental fumigations on crop plants, typical smog 
damage was product by the oxidation products of ozone and straight- 
chain olefins of C5 and C, atoms. Higher olefins of the C7, Cg and C, 
series were also eff(w;tive in producing "silverieaf" damage on sensitive 
plants when converted to the corresponding ozonides and other products, 
but were not as active as 1-pcntene and 1-hexene. The products of ozoniza- 
tion of the fraction of cracked gasoline boiling between 59''-69''C (containing 
C5 and olefins) also produced typical damage on vegetation. 

Similar results were obtained when plants were treated with the vapours 
of cracked gasoline or l-hexene, nitrt^en dioxide anJ» sunlight or ultraviolet 
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light. Nitrogen dioxide alone, with or without ultraviolet liffht, or olefins 
alone in the presence of sunlight, did not produce these effects (Haagen-Smit, 
1952; Thomas, 1951). 

HMges-Smit theory of snog fomiatioii 

Of the theories that have been propounded to account for the formation 
of smog in the Los Angeles atmosphere by interaction of impurities with 
molecular oxygen, atomic oxygen and ozone, the most comprehensive and 
generally acceptable is that of Haagen-Smit (1952). It was found that during 
smogs there was a considerable increase in the concentrations of ozone and 
oxidant material. The concentrations reached as high as 30-40 parts per 
hundred million or more, much higher than in most other areas in the world 
where tests have been made (Bartel & Temple, 1952; Haagen-Smit, 1952). 
The ozone is not found in appreciable concentrations at night but only in 
daylight hours, beginning to form simultaneously throughout the Los Ang ;les 
basin in smoggy air shortly after dawn (Magill & Benoliel, 1952). 

These facts indicate the photochemical formation of ozone or oxidant 
from impurities by the action of sunlight. The atmospheric studies on ozone 
or oxidants, oxides of nitrogen and organic pollutants such as hydrocarbons 
and aldehydes have been used by Haagen-Smit to establish the fundamental 
principles underlying the formation of smog through photochemical reac- 
tions. Thus sulfur dioxide, nitrogen dioxide, and aldehydes may absorb 
ultraviolet radiation in the wave-lengths present at ground level, and react 
in their excited states with molecular oxygen to produce atomic oxygen. 
Although the amount of atomic oxygen produced photochemically by alde- 
hydes and sulfur dioxide is limited by the concentrations of th^ impurities, 
since the reactions are irrever^ble, this is not so for nitrogen dioxide. In 
the latter case, the absorption of ultraviolet light leads to the rupture of 
a bond to form atomic oxygen and nitric oxide. Reaction of the products 
with molecular oxygen leads to the formation of ozone and the regeneration 
of the nitrogen dioxide. The nitrogen dioxide is therefore available for 
repetition of the process, unless converted to nitric acid or used up in organic 
substitution reactions. Even low concentrations of nitrogen dioxide could 
produce relatively large amounts of atomic oxygen to form ozone or to 
react with organic pollutants to yield compounds which could cause eye 
irritation, crop damage, and reduced visibility. The ozone formed during 
smog could account for the accelerated rubber cracking, while oxidation of 
sulfur dioxide to the trioxide, v^ith subsequent formation of sulfuric acid 
aerosol, as well as existing smoke, submicron dusts, and fumes, would «till 
further reduce the visibility. 

Chiidcal reactioBs in the ttmoqibere 

The investigations into the Los Angeles smog problem have directed 
widespread attention to the unpleasant effects and economic damage that 
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can be caused by photochemical reactions between gaseous impurities after 
they ar« released to the air. The facts cited in the Haagen-Smit theory of 
smog formation indicate the photochemical formation of ozone or oxidant 
Uom certain waste products by the action of sunlight. A number of photo- 
chemical reactions that could contribute to the formation of ozone in smog 
have been considered by Blacet (1952). These include the photochemical 
activation and photolysis of sulfur dioxide, aldehydes and nitrogen dioxide, 
all present in the Los Angeles and other city atmospheres. 

The solar energy which is important photochemically near the surface 
of the earth is in the range of wave-length between about 8000 and 2900 A. 
The intensity is relatively high above 3150 A but drops rapidly below 3000 A. 
This rule^ out all reactions which occur at high altitudes in the upper atmos- 
phere, so that the only gas phase photochemical processes which can occur 
in the lower atmosphere must involve impurities created by human activi- 
ties, if natural sources such as volcanoes and forest fires arc disregarded. 
Substances present in the air in small amounts must have a high specific 
absorption in the aboye wave-length range in order to be of importance as a 
primary rcactant- On the other hand, a compound present in lar^ excess 
in the air might serve as a primary photochemical reactant even if its absorp- 
tion were weak. 

Ozone may be created in the lower atmosphere as a by-product photo- 
chemical reaction in the oxidation of sulfur dioxide to sulfuric acid in 
the presence of sunlight. This gas shows moderate absorption bands in the 
ultraviolet but the energy absorbed is insufficient to disrupt a bond in the 
molecule. The reaction involves the following steps if it is assumed that, 
initially, only activated SOa molecules are formed. Some of these molecules 
will revert to their original state but others will react with oxygen. 

SOj + hv = SO2* 
SO2* ^ O2 - SO4 

SO4 + 02-= SO3 ^ O3 
H2O ^ S03= H2SO4 

The quantum efficiency for this process is low. Ordinarily, with high 
concentmtions of sulfur dioxide the ozone formed would react rapidly 
with molecules of SOj to yield sulfur trioxide and oxygen. In polluted air 
where the SOj concentration is less than 1 p.p.m., the ozone may coexist 
with it for considerable periods or react with organic pollutants such as 
unsaturated hydrc carbons. 

For nitrogen dioxide, Blacet gives the following photochemical reaction 
involving the rupture of a bond to form atomic oxygen and nitric oxide, 
formation of ozone by reaction of atomic oxygen with ordinary diatomic 
oxygen and re^neration of the nitrogen dioxide to repeat the process. 
The over-all process is the continued formation of ozone. Below a wave- 
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length of 3700 A the quantum efficiency of dissociation of nitrogen dioxide 
is close to unity. 

NO2.+ hv - NO ^ O 

NO - O2 = NO3 
NO3 - Oa ^ NOg ^ O3 

In summary: SOj = 20^- 

In the above reactions nitrogen dioxide performs a role similar to that 
of a catalyst and is therefore much more effective in forming ozone than is 
sulfur dioxide. Cadle& Johnstone (1952) point out that nitric oxide reacts 
with ozone at an extremely rapid rate, much faster than the reaction be- 
tween ozone and other contaminants. The following reactions can therefore 
take place if nitric oxide is also present in the air, 

NO -r O3 = NOj + O2 
If ozone is present in excess, then, 

2 NO2 ^ O3 - NjOs 4- O2 
N2O5 4 H2O = 2 HNO3 

Thus nitric acid may be formed in the presence of water vapour. 

The rate, mechanism and products of reaction of ozone with various 
constituents of smog have been studied for several years by the Stanford 
Research Institute. Ozone and olefins were found to read rapidly in the gas 
phase, the final products consisting of formaldehyde, higher aldehydes and 
polymers of unknown composition. Blacet postulates the following 
mechanism for the formation of ozone as a by-product in the activation of 
aldehydes or oxygenated organic compounds by absorption of light energy: 

RCHO + hv = RCHO* 
RCHO* 4- Oj = RCO3H 
RCO3H + O2 RCOOH ^ O3 

Aldehydes and ketones absorb energy in the near ultraviolet sunlight 
with quantum yields of 0.1-0.9 to form free radicals: 

CH3CHO ^ hv - CH3 -r HCO 

It is thought that the low temperature oxidation of hydrocarbons is due 
mostly to the free radical chain. 



R O2 = RO2 
RO2 ^ R*H - ROjH i- R» 
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Haagen-Smit (1952) has postulated the following schematic representa- 
tion of the reactions in polluted air leading to smog symptoms: 

NO2 ^ NO + O Oxidant 
Sunlight 



Oxidant + 



Sulfur dioxide 
Hydrocarbons 



Sulfur trioxide 
Peroxides 
Aldehydes 
Acids 



Aerosols 
Crop damage 
Eye irritation 
Rubber cracking 



According to Cadle & Johnstone (1952) and Cadle & Schadt (1952) 
fairly rapid reaction can occur between various olefins and ozone at c(mi- 
centrattons that may be found in the contaminated urban atmosphere. The 
initial rates follow a second-order rate law although the reaction mechanisms 
are not known precisely and a variety of products is formed. Final products 
include formaldehyde, hi^er aldehydes, and polymers of unknown com- 
position. Acetylene reacts with ozone at a relatively slow mte, and in city 
air this reaction would be of negligible consequence. Reactions of ozone 
with paraffin hydrocarbons and benzene were at a rate that was too small 
to be determined by the methods employed by Cadle. The initial second- 
order rate constants and half^ives of some of these reactions with ozone 
are shown in Table 28. Nitric pxtde reacts with ozone at a rate that is about 
2000 times more rapid than the reaction of l-hexene or gasoline vapour. 



TABLE 28 

REACTION RATES OZONE WITH SOME COHPOUNDS 













of rtseunu and 


of mcanti and 


—1 —1 


rciccmf with ozom 




o»Mic at 1 p.pM. 


p.p.tn. min. 




(miftutM) 


(miftutct) 




Ethylene 


1100 


220 


0.0045 


1-htexene 


330 


66 


0.015 


Cydohexene 


57 


12 


0.087 


Gasoline 


380 


76 


0.013 


Acetylene 


500 OOC 


24 000 


0.0001 


Nitric oxide 


0.16 


0.03 


3X0 


Nitrogen dioxide 


65 


13 
* 


0.077 



$ourc«: Cadia It Ha|ill (1954). (ty parmistion from *' Air ^lutidn handbook**, by P. L Ma|ili, F. K Holdtn li 
C. Aclclty* adltofa. CopyHfht 1fS4. HcGraw-Htil Book Compan/ Inc.) 



Reactions of ozone with olefins and dtoleftns and the photochemical 
d^mposttion of aldehydes or ketones yield organic free radicals among the 
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products. Such reactions may occur in the contaminated urban atmosphere. 
Thus, the primary photochemical reaction of acetaldehyde is the rupture of 
the molecule to form methyl and formyl radicals. Acetone decomposes 
into methyl and acetyl radicals. In the presence of air, these radicals tend to 
leact quite rapidly with oxygen to yield various products, including perox- 
ides. For example, Mignolet (1941) has shown that diacetyl peroxide 
is the major product from the photochemical decomposition acetaldehyde 
in the presence of oxygen. Mixtures ot diacetyl and air when irradiated in 
sunlight have been found to produce ozone as a by-product in experiments 
by Haa^n-Smit, Bradley & Fox (1953). 

Certain other photochemical reactions that may oc^ur in the atmos- 
phere yield atoms or inorganic free radicals capable of acting upon satur- 
ated or unsaturated aliphatic and aromatic hydrocarbons to produce organic 
free radicals. Such reactive radicals and atoms include oxygen liberated in 
the photochemical drcomposition of NOj, chlorine atoms liberated in the 
action of light on molecular chlorine or nitrosyl chloride, hydrogen atoms, 
OH and HOj. 

The peroxy free radicals formed by the oxidation of hydrocarbon free 
radical may, in turn, react further with other organic substances to yield 
organic peroxides and new free radicals. It is apparent, therefore, that the 
possibilities are almost limitless and an organic free radical may be formed 
in nearly every case where photochemical reactions occur in the polluted air 
of cities. The resultant free radical reactions can lead to polymerization 
and oxidation chain reactions. The chain propagating mechanism is usually 
terminated when the free radicals are adsorbed or destroyed by surfaces, 
such as airborne particulate matter, or by reaction with some substances 
—such as nitrogen oxides or organic compounds— that do not lead to the 
formation of fresh free radicals. Some of th^ reactions have been shown 
to occur in the Los Angeles atmosphere and in experimental smog chambers. 



Recent LHeratiire 

The subject of the physical and chemical nature of air pollution is so 
broad and covers so many fields of physics and chemistry that it is almost 
impossible to do more than touch upon the highlights of some of the work 
accomplished within the last ten or fifteen years. The recent publication 
of the Air pollution handbook * has provided a very useful source of informa- 
tion, compiled by thirty-one experts in diverse fields of air pollution research 
and technology. There are very few journals devoted specifically to air 
pollution papers. Most of the scientific and technical contributions to the 
subj^ are scattered through a large number of physical, chemical, physio- 

» Magilt* P. L.* Holdcn* F. R. A Ackley. C, ed. (1956) Air poiiution handbook. New York, 
McGraw-Hill. 
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logical) meteorological, engineering, industrial hygiene and medical publica- 
tions. Some attempt has been made in the USA to provide a medium for air 
pollution papers in the Journal of the Air Pollution Control Association, but 
this can only serve to contain a small fraction of the material available 
annually for publication. The recent appearance of the International Journal 
of Air Pollution provides another excellent medium for high quality papers. 

Very little mention has been made in this .-.rticle of the rapid progress 
accomplished within the la^'t decade in methods of analysis and instrumenta- 
tion. Some comprehensive reviews of this subject have been presented by 
Kay (1957). A Committee on Air Pollution of the American Chemical 
Society has organized periodic symposia on many aspects of air pollution, 
and within r^ent'yeri^ the symposium has become an annual affair at 
national meetings of the Society. Similar committees of many other scien- 
tific societies sponsor symposia either annually or from time to time. A 
considerable amount of interesting information has been presented at the 
US Technical Conference at Washington, D.C., in May 1950 (McCabe, 
1952) and at three national air pollution symposia sponsored by the 
Stanford Research Institute at Pasadena, California, in 1949, 1952 and 1955. 
Many of these papers and publications contain worth-while material on the 
physics and chemistry of polluted air. A recent book by Green & Lane 
(1957) covers the physics, physical chemistry, industrial and environmental 
aspects of dusts, smokes and mists in an admirable manner. Many other 
papers and publications, too numerous to mer.ti'^n he:e, are available to the 
reader interested in the subject 



Research Trends 

Although much has been accomplished in the elucidation of the nature 
and composition of pollutants in the atmosphere, r more remains to be 
done. Only a limited number of the substances pres** it in the urban environ- 
ment has been identified with some degree of certainty. The large variety of 
substances produced in the air by oxidation, reduction, photochemical, free 
radical, polymerization and other reactions presents a new frontier of 
enormous range. Studi':s of the efllects of contaminants on health, visibility, 
and on various materials used in our modern society are still in their early 
stages. In the meantime^ methods of controlling, on a practical basis, such 
problems as the Los Angeles situation and many others are urgently re- 
quired. 

There is need for more organized research into the nature and composi- 
tion or urban and industrial pollution. In the USA, the Federal Air Pollu- 
tion Control Act, Public Law 159, passed in 1955, has. been of invaluable 
assistance in providing for the conduct of research within the Public Health 
Service and other federal departments; for the support of research else- 
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where by grants and contracts with university, state and outside agencies; 
and for technical aid and assistance to states and communities having spe- 
cial problems and also in the training of personnel for work in air pollu- 
tion control. Similarly, in Great Britain, research in various aspects of air 
pollution has been stimulated as a result of the Report of the Committee 
on Air Pollution in 1954 and the passage of the Clean Air Act of 1956. 

Current and near future trends in research show emphasis on the follow- 
ing problems, among others: 

(1) The development of improved methods and techniques for the 
measurement, separation and identification of air contaminants. 

(2) The standardization of methods of sampling and analysis of common 
air pollutants. 

(3) The application of meteorological concepts and diffusion theory to 
the study of the dispersion of pollutants in the atmosphere, the formation 
of smog and the prediction of pollution levels. 

(4) The development of improved analytical techniques, instrumenta- 
tion and studies of motor vehicle exhaust gas composition under various 
operating conditions and the development of catalytic and other exhaust 
gas system control devices. 

(5) The study of the action of sunlight on motor vehicle and traffic gas 
and of photochemical atmospheric reactions in general. 

(6) The determination of the health and other effects of irradiated gas- 
eous and vapour pollutants. 

(7) The continued study of carcinogenic and other toxic substances 
present in the urban environment and the evaluation of their effects on 
health. 

(8) The study of radioactive pollutants and their effects in connexion 
with the development of industrial uses of nuclear energy for power and 
transportation. 
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EFFECTS OF AIR POLLUTION 
ON HUMAN HEALTH 



Introduction 

It has long been suspected that the air we breathe is one of the environ- 
mental factors that, under some circumstances, can cause ill health, but 
proof of this has been lacking until relatively recently. Such proof is appli- 
cable to certain air-borne bacterial and viral infections, some allergic dis- 
eases and to poisonings due to the inhalation of certain gases and aerosols 
with the air we breathe. In all of these instances the air acts as a medium 
that permits, and may even aid in, the conveyance of the noxious agent 
from its source to the human host. For some of the bacterial and virlal 
diseases and for some of the allergic conditions the evidence that the air is 
a carrier of the etiological agent is incontrovertible. There is less agreement 
among health authorities on the significance of the relationship of gases and 
aerosols to disease, except when these substances appear in the air of work- 
places, or when cases of patent gas poisoning occur. The primary purpose 
of this chapter is to consider critically what is known and what is suspected 
about the elTects upon human health of gases and aerosols when they are 
present in the community ambient air. We shall do this by considering data 
collected to clarify the known^^ct effects of these air pollutants as well 
as pertinent collateral information gathered from data developed for other 
purposes. A second object of this chapter is to recommend, as we proceed 
in our discussion, those areas of knowledge in which the subject of the health 
effects of air pollution needs further study for adequate understanding. 

The air w^ breathe has not only life-supporting properties but also poten- 
tial life-damaging properties. Under ideal conditions, the air that we must 
inhale has a qualitative and quantitative balance that maintains the well- 
being of man. When the balance among^the air components is disturbed, 

* Chief Public Healih Adviser. United Sutes Operations Mission to Yugoslayia, Belgrade. 
Yugoslavia; formerly Chief, Operational Research Section, Air Pollution Medical Program. 
Division of Special Health Services, Public Healih Service, Department of Health. Education 
and Welfare, Washington, D.C., USA. 
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health may be injured, the kind of injury and its degree being dependent 
upon the nature of the disturbance. Such an unhealthful imbalance may 
involve the physiologically necessary air gases oxygen and carbon dioxide 
or it may involve the so-called air pollutants. These latter are air compo- 
nents which are not universally or constantly present either in kind or in 
amount and which, in the present state of our knowledge, probably are not 
essential for a healthy body economy. If one were to list the constituents 
of ambient air that man must ordinarily breathe, besides oxygen and carbon 
dioxide, such a listing would include the inert gases as well as the so-called 
**impurities*'— materials that serve no known usrful function in the body. 
The impurities in the inhaled air do not necessarily all cause harm. Depen- 
dent upon the chemical nature of the pollutants, some may cause harm 
when present in the air in small concentrations and others may do so only 



TABLE 1 

RELATIVELY CONSTANT COMPONENTS 
OF ATHOSPNERtC AIR 





ProportiiHi 
•xpretsvd in % 


Proporttoft 
exprttttd in p.p.m. 


Nitrofen 
Oxygen 

Carbon dioxide 

Arfon 

Neon 

Helium 

Krypton 

Xeiton 

Hydrogen 

Methane 

Nitrous oxide (NgO) 


78.004 ± 0.004 
20.946 ± 0.002 
0.033 ± 0.001 
0.934 ±0.001 


18.18 ±0.040 
5.24 db 0.004 
1.14 ± 0.010 
0.087 ± 0.001 
0.5 
2.0 

0.50 ±0.1 



Soure«: Gtucckaul. E. (ini) <By pcrmiMiofi from Compendium of M«co- 
rology'% publtitwd m IfSI br th« Amw'tcm M«£«oro{otk«t Society throufh 
support of the Goophytia ft«iurch Dircctonto. Air Fore* C^mbn4f Rwtarch 
C«ftUr. Air Rosoareh m4 Dovctopmcnt Command.) 



when they reach high levels of concentration. (Table 1 lists the amounts 
of the relatively constant components of clean air according to one investi- 
gator, whose conclusions were based partly on his cwn studies and partly 
on a review uf the reports of others. The constancy of the figures quoted is 
to be noted.) Except at exceedingly low levels of concentration the dura- 
tion of exposure to a potentially noxious material is also of significance in 
relation to whether or not a given concentration wii' actually be harmful. 
When the concentration is exceedingly low the natural protective mechan- 
ism of the body may be of such effectiveness that the factor of duration of 
exposure is significant. 
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The pollution of the air that is not infrequently found in factories, work- 
shops and mines, and the effect of such pollution upon the worker, have 
long been of concern to health and labour officials as well as to labour and 
management. This concern has led to the accumulation of a great deal of 
sound knowledge that can be used for the control of these unhealthful con- 
ditions. Because of the confined areas generally utilized for working-places, 
the concentration of potentially noxious agents tends to be higher than that 
which reaches outdoors from the work-place. In fact, besides flowing 
streams, the air is the regular medium into which waste material from 
work-places is discharged. That pollution which reaches the area outside 
the work-place is diluted by the larger volume of air that is available and, 
therefore, can always be expected to be at an appreciably lower level of 
concentration than that found inside the work-place. From occupational 
disease investigations we have derived some knowledge and suggestions as 
to how to obtain information about contaminations of the outdoor air and 
their possible effects upon the health of man. 

On the basis of such investigations of occupational disease control pro- 
blems, done in both work-place and laboratory, the safe limits of exposure 
to a number of known industrial air pollutants have been indicated {A.M. A, 
Arch, industr. Hlth, 1956). It is not a satisfactory procedure, however, to 
use these as safe-limit values when considering community air pollution. 
Some of the reasons for this are as follows: (a) potential exposure in the 
work-place is for about eight hours a day, whereas in the community 
the potential exposure continues throughout the 24 hours; (b) industrial 
workers are generally adults, in relatively good health, whereas the 
general public also includes the sick, and the very sensitive groups of the 
very young and the aged. The latter groups may be especially susceptible 
to adverse effects from the potentially noxious agents; (c) intermittent 
exposures such as occur in industry allow the organism to recover from 
injury during the period of time when there is no exposure, whereas 
continuous exposure, such as that which may occur with community 
air pollution, lessens this opportunity for recovery; and (d) inside the 
work-place atmospheric conditions are subject to control, whereas the 
weather outside is generally uncontrollable and may be such thatjt 
either alters the air contaminants themselves or modifies their biological 
effects. 

An example of chemical alteration of air pollutants by weather is that 
which occurs in Los Angeles, wherein the action of the sun's rays upon the 
air-contained oxides of nitrogen and olefintc hydrocarbons results in the 
appearance of ozone and nitro-olefins in the air. An example of the modi- 
fication by weather of the biological effect of air pollutants is the simple 
one of dilution that occurs through the turbulence within the air mass. 
A second more complicated example is that involved in recent studies 
which showed that experimental animals challenged with known toxic 
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agents respond more forcefully as the ambient temperature is raised (Baetjer 
& Smith, 1956). 

Not only is there an influence of weather and climate on the biological 
effects of air pollutants, but it has long been believed that weather and cli- 
mate per se also appear to have significant effects on the health of man. 
So strong has this belief been that the health professions have long consi- 
dered certain geographical locations more salubrious than others because 
of their weather. If living in such places is in fact beneficial for persons 
afflicted with certain diseases, it is not now certain that this effect is always 
directly attributable to the weather and climate: it may be due to the influence 
that local weather and climate have on the air-contained materials— for 
example, on the accumulation or the chemical kinetics of air pollutants. 
The significance of the weather factor in acute air pollution episodes, as is 
discussed below, is well known, whereas its importance in relation to long- 
continued exposure to low levels of air pollutants is only now being esti- 
mated. The relationship of the weather and many other factors to the 
presence of positive and negative ions in the air and, in turn, the effect of 
such ions on health, is poorly understood at present. Finally, the influence 
that air pollution may have on weather itself may be significant on occasion 
(Gunn & Phillips, 1957). 

The sources of air pollution are ubiquitous. Naturally occurring pol- 
lutants, over which man has either very little or no control, originate from 
forest fires started by lightning, volcanic eruptions, organic materials ema- 
nating from plants, decaying vegetation, dust storms and salt from sea spray. 
Man-made air pollution has as its principal source combustion for the pro- 
duction of energy. This combustion may take place in the home, in the 
work-place, or in mechanical transportation equipment. A source that is 
generally of secondary importance, but one that at times turns out to be of 
great significance in air pollution problems, is that involving vaporization 
of liquids or pulverization of solid materials, generally for industrial pur- 
poses. It is emphasized that industry is not the only source of community 
man-made air pollution, although in some places it is the major one. Home- 
heating, for example, was concluded to be the major source in the London air 
pollution episode of 1952, which is described below. Even the very essential 
process of food-cooking, esp^ially at the high temperatures required for 
frying, possibly contributes harmful pollutants, at present unsuspected, to 
the air in the home. 

Acute Air Pollytiofl Episodes 

With the outbreaks of sickness and death associated with air pollution, 
and ascribed to the pollution in some instances, the health professions began 
to show genuine interest in the fact that air contaminants could cause harm 
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to man. The outbreak in the Meuse Valley of Belgium in 1930, the 1948 
epidemic in the City of Donora, Pennsylvania, in the USA, and the London 
episode of December 1952, directed attention to this phenomenon. Follow- 
ing studies and reports of those incidents it was generally accepted that air 
pollution was an undesirable condition that could have serious health con- 
sequences. Each of the known episodes that have occurred will now be 
summarized briefly, and emphasis will be placed on what we may learn 
from them for use in the future. 

Meuse Valley, 1 930 

During the first week of December 1930, all of Belgium was blanketed 
by fog which was due in part to anticyclonic weather conditions (Alexander, 
1931 ; Batta,/irket & Leclerc, 1933; J?r/7. med. J., 1931 ; Firket, 1931, 1936; 
Haldane, 1931 ; /. Amer. med. Ass.. 1937; van Leeuwen, 1931, 1933; Mage 
& Batta, 1932a, b; Roholm, 1936, 1938). As would be expected, the situation 
was especially marked in the river valleys. The Valley of the Meuse River, 
extending from Huy to Seraing, which was one of these fog-bound areas, 
was affected, in addition, by a temperature inversion. Along a 15*mile^ 
length of the Valley, from which the hills on either side rise to a height of 
250-350 feet ^ above the river banks, were located many heavy industrial 
plants, including coke ovens, blast furnaces, steel mills, power plants, gla^ 
factories, lime furnaces, zinc reduction plants, a sulfuric acid plant, and 
an artificial fertilizer plant (Batta et al., 1933). 

Beginning with the third day of the weather abnormality people in this 
portion of the Valley became ill with respiratory tract complaints, and 
some 60 of themdled^ The exact a umber *v ho were ill was never determined, 
although it was estimated as having been in the thousands. The number 
of deaths was considered as having been about 10.5 times the expected 
amount for an equivalent period of time and season under ordinary cir- 
cumstances. The illness affected persons of all ages and both sexes, con- 
sisting of an irritation of the membranes of the body that are exposed to 
the air, especially those of the respiratory tract. The malady was mani- 
fested by the following symptoms: epiphora, throat irritation, hoarseness, 
cough, shortness of breath, a sense of constriction of the chest, nausea and 
some vomiting. Cough, both productive and non-productive, as well 
shortness of breath, was the dominant symptom. Treatment, effective in 
some of the cases, was essentially symptomatic, consisting of antispasmodic 
drugs to relieve dyspnoea. The persons who died were the elderly and those 
who had chronic disease of the heart or of the lungs. Autopsies confirmed 
the conclusions reached from studies carried out on the living, which indi- 
I cated^that the probable causative agent was an irritant chemical substance 
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(or group of substances) that acted upon the lining of the respiratory tract. 
The organs and tissues that were examined showed no effects that could be 
ascribable to a toxic agent affecting parts of the body other than the respi- 
ratory tract. 

With the termination of the fog no new cases of illness appeared, 
although a few deaths occurred among those who had become very ill during 
the fog. There is some suggestion in the repprts of the episode that new 
cases of illness stopped appearing even before the fog lifted. 

A search, beginning almost immediately after the fog lifted, was made 
to discover, if possible, the specific causative factor responsible for the ill- 
nesses and deaths. It was clearly shown that besides the freak weather 
nothing unusual was going on in the area— i.e., none of the factories had 
been operating in an abnormal way. After careful consideration of all the 
gases and aerosols that were discharged into the air of this industrial valley 
it was believed that only an irritant air pollutant could have caused the 
illnesses and deaths, and that it was probably a mixture of the sulfur oxides, 
sulfur dioxide gas and sulfur trioxide aerosol. It was also considered that 
other aerosols and irritant gases may have contributed to the chemical 
changes of those irritants and to the clinical conditions, but in a small 
degree. Thus, it was felt that the air-borne oxides of nitrogen may have 
aided in the change of the sulfur dioxide to sulfur trioxide, and that the 
presence in the air of some of the solid particulate metal oxides also may 
have aided in the chemical reaction, some even acting as catalysts. Finally, 
it was felt that aerosols ordinarily considered as inert physiologically may 
have played a role in the illnesses by conveying the irritant gases deeper 
into the lungs than the gases might have gone without the presence of these 
air-borne aerosols to which the gas molecules could attach themselves. 

Consideration was given to the possibility that air-borne irritant fluoride 
compounds were responsible for the human effects. This, however, was 
carefully ruled out by the official investigators of the episode. A few years 
later the ^tbtlity that the fluoride gases were an etiological factor was 
again mentioned (X Amen med. Ass., 1937; van Leeuwen, 1933; Mage 
Sl Batta, 1932a; Roholm, 1936, 1938). 

The role that weather played in the episode was felt to be a significant 
one, for it permitted the accumulation to toxic concentrations of those pol- 
lutants normally discharged into the air by the factories in the Valley. 
Careful review of the weather for years prior to the one in which the episode 
occurred showed that the area in question had had similar weather abnor- 
malities previously, but that most of them had lasted for periods of time 
that were shorter than the one in 1930 and that they had not been associated 
with such serious health effects as those found in 1930. For a comparable 
weather episode in the year 191 1, for example, illness records appeared to 
show a similarity to those of the episode of 1930, except that there were no 
deaths ascribed to the eariier incident (Batta et al., 1933). 
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Donora, 1948 

During the last week of October 1948, a temperature inversion and an 
anticyclonic weather condition characterized by little or no air movement 
occurred over a wide area of the north-eastern portion of the USA (Fletcher, 
1949; Schrenk et al., 1949; Willett, quoted by Schrenk et al., 1949). The 
unusually prolonged stable atmospheric condition, associated with fog, 
resulted in the accumulation of atmospheric contaminants to abnormal 
levels of concentration, particularly in highly industrialized areas. The 
city of Donora was one such area. 

Donora is located on the inside of a sharp horseshoe bend of the mean- 
dering Monongahela River some 30 miles south of Pittsburgh. The narrow 
plain immediately adjacent to the river is occupied on the Donora side of 
the river by a large steel and a large zinc reduction plant. Just beyond this 
narrow plain, as well as the one in the town of Webster on the opposite 
bank, the terrain rises sharply. On the Donora side the hills rapidly reach 
a height of 400 feet (1 150 feet above sea level) in a 10 % grade. 

On the morning of 27 October 1948, the atmosphere of Donora became 
very still, there was a marked weather inversion and fog enveloped the city. 
This weather phenomenon was associated with an accumulation of atmo- 
spheric contaminants. The condition continued until 31 October, when 
an afternoon rain occurred and the change of weather was associated with 
clarification of the air. In that interval of four days there was a great deal 
of respiratory tract illness among the residents. During that same period 
there were 17 deaths in the community, which normally experienced an 
average of two deaths in an equivalent period of time* (Fletcher, 1949; 
McCabe, 1952; Mills, 1949a,b, 1950; Roueche, 1950; Schrenk et al., 1949; 
Shilen, 1949; Shilen et al., 1949). (See Table 2.) 

The US Public Health Service was asked to assist the state health 
authorities to make an epidemiological study of the episode, with the 
ultimate object of avoiding such occurrences in the future (Schrenk et 
al., 1949). The study was begun early in December of the same year, about 
two months after the episode. The investigation was planned to determine 
the following: (a) the health effects that occurred among the people and 
domestic animals; (b) the qualitative and quantitative nature of the conta- 
minants that had accumulated in the air; and (c) the meteorological condi- 
tions that existed at the time of the episode. 

The primary method used to study the human effects was the household 
canvass by questionnaire to obtain data on descriptions of the sicknesses 
that had occurred and of their prevalence. This canvass was carried out by 
public health nurses in a statistically valid sample ot' the populaTi^. 
(One-third of the total population constituted the sample.) For a selected 

* During the days Immediately following the episode three more deaths occurred among 
persons who became ii! during the episode. 
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TABLE 2 

CRUDE MORTALITY DATA FOR THE BOROUGH OF DONORA 
FOR SEVEN SUCCESSIVE TWO-WEEK PERIODS. 
12 SEPTEMBER-18 DECEMBER. 1948. 
INCLUDING THE PERIOD OF THE AIR POLLtJTION EPISODE OF OCTOBER 1948 



Two^wfsek ptriod 


No of 
deaths 


Deaths p«r 1000 persons 

in population 
C12 300. approximately) 


Difference 
from averase 
of the seven 
two-week periods 
(0.407 per 1000) 








Rate 


% 


12 Sept.-25 Sept. 
26 Sept.-9 Oct. 
10 Oct.-23 Oct. 
24 OGt.-6 Nov. ' 
7 N0V.-2O Nov. 
21 N0V.-4 Dec. 
S Dec.*18 Dec. 


2 
3 
1 

16* 
7 
4 
2 


0.163 
0.244 
0.081 
1.301 
0.569 
0.325 
0.163 


—0.244 
—0.163 
—0.326 
+0.894 
+0.162 
-0.082 
-0.244 


—59.9 
—40.0 
—80.1 
+219.7' 
+ 39.8 
—20.1 
—59,9 


Average 


0.407 







Source: Schrenk et al. (1949), p. 74, Tabli 
a Includes the penod of th« air pollutiori episode 

b The Borough of Dooora p«f s« had 16 deaths durtns the two'Wtck intervsL The mortality data .imed in 
other sections of this report refer to that <rf the Donora area whtch includes the torough of Donora. Carroll 
Township and Webster, for purposes of this report. 

c If one excludes the period of 24 Occober-ift Nov«nbcr from the leverage of the d«th occurrences for the 
two- week periods, ic will be found that the morality rate during the penod of 24 October^ November 
comes to about 130% i.e., it ts five timn this n»w average. The severe test that we applied in the preparation 
of the ubie shows only a trebling of the average for the two-week period that included the episode, 

portion of whose who were said to have been ill, physicians obtained more 
detailed clinical information by interview. Further medical data were 
obtained from a review of the medical records of patients who had been 
hospitali^d during the episode and from autopsies. Blood studies were 
made for three purposes: (a) to determine the blood content of influenza 
antibodies^ since the outbreak of illnesses in the Donora episode resembled 
in some respects that of an epidemic of influenza; (b) to enumerate the per- 
centage of polymorphonuclear eosinophilic leukocytes in the blood, to be 
used as an indicator of the part that allergy may have played in the clinical 
manifestations; and (c) to evaluate the presence in the blood of abnormal 
chemical elements, either in kind or in amount. Chest roentgenograms 
were made of a limited number of persons. Teeth, boncs and urine samples 
were chemically examined for fluoride content to provide auxiliary evidence 
in r^^rd to the relationship that fluorides may have had to the acute clinical 
manifestations. A veterinary physician investigated the occurrence of sick- 
ness among both farm animals and pets during the episode. Finally, records 
of general morbidity and mortality of the community were studied for vary- 
ing periods of time before the episode. 
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The aerometric and other engineering studies were also done after the 
episode was over. The engineers attempted to determine the nature and 
amounts of the materials which were present in the ambient air during the 
episode. Their studies included a period of time when the local factories 
were operating fully during a later short weather inversion. The meteoro- 
logists made a study of local weather conditions, reviewing whatever past 
weather records were available. 

From a review of the biological studies, correlated with the engineering 
and meteorological data, it was believed that some definite conclusions were 
warranted. Thej* conclusions are noted in the material that follows. 

During the episode 5910 persons (42.7% of the population^) were 
affected by sy nptoms of illness. The affection from which they suffered 
was initially irritation of the respiratory tract, eyes, nose, and throat; 
this affection vi ried in degree from very " mild " to very " severe The 
classification as to the severity of the illness of the affected persons was 
based upon the number and kind of symptoms that were reported_ 
for them, the duration of disability if such disability occurred, the need 
for medical care as determined by the attempt having been made to 
.^obtain the services of a physician, whether or not the attempt was success- 
ful, and the outcome of the illness. The symptoms were also classified in 
three grades— namely, mild, moderate and severe. The following were 
considered as mild symptoms for this purpose: smarting of the eyes, lacrima- 
tion, nasal discharge, a sense of constriction of the throat, soreness of the 
throat, non-producti;e cough, nausea without vomiting, headache, weak- 
ness and muscular aches and pains. The symptoms considered as moderate 
were productive cough, a sense of tightness or feeling of pressure in the 
anterior chest, dyspnoea, vomiting and diarrhoea. The single symptom 
considered as severe was orthopnoea. Based upon these symptoms and 
the other pertinent data noted above, the scheme for the classification 
was arbitrarily developed as shown in Table 3. 

Cough was the single dominant symptom. After cough, the frequency 
of other symptoms was in the following descending order: soreness of throat, 
a sense of chest constriction, headache, dyspnoea, a burning sensation of 
the eyes, orthopnoea, lacrimation, v(»niting, nausea without vomiting and 
excessive nasal discharge (Table 4). In IS.S % of the population the symp- 
toms were classed as " mild in 16.8 % they were ** moderate **, and in 
10.4% the symptom complex was described as involving "severe'* affec- 
tion. Neither the prevalence nor the severity of illness was influenced by 
sex, race, occupational status, length of residence in the community, or 
degree of physical activity at the time that the symptoms began. There was, 
however, a relationship between both frequency and severity of illness and 



* The dftt on illness incidence were based on the population of the Donora area **, 
estimated at 1 839 persons, and included 12 927 for Donora and adjoining Carroll township 
and 912 for the town of Webster. 



168 H. HE! MANN 



TABLE 3 

CLASSIFICATION OF SEVERITY OF IlLNESS 
PRODUCED BY AIR POLLUTION \H DONORA 





Addtsional decors for clas* «' in| dcf re« 
or severity of Ml .» 


Number and kind eS iyn'pt<»ns 


No period of 
diubiiicy; no me- 
dical care needed: 
no symptoms stiil 
present at time 
of survey 


Disability of 
1-3 days; md/or 
medical care 
needed; and/or 

symptonts 
ttili present at 
time of *•-. *ey 


Disability of 
4 days or lofi|er 


1 to 3 ** mild ** symptoms 


Mild 


Moderate 


Moderate 


4 Of more " mild " symptoms 


Moderate 


Moderate 


Severe 


1 taX** moderate symptoms with 
or Without ** mtid " symptoms 


Moderate 


Moderate 


Severe 


4 or more " moderate " symptoms 
wii ir without "mild** s>mp> 
toms 


Moderate 


Severe 


Severe 


Orthopnoea with or without other 
symptoms 


Moderate 


Severe 


Severe 



increasing age. Thus, whereas the sickness frequency in the total popula- 
tion was a little over 40 %, over 60 % of those v^ho were 65 years of age 
or more reported some degree of illness, and about one-half of the sick in 
this older age-group were severely ill (Table S). The illnesses of the largest 
number of persons began on the third day of the episode (Fig. i). 

Of the 17 deaths that occurred in the Donora area during the episode, 
15 occurred on the third day of the incident. The ages of the pers(ins who 
died ranged from 52 to 84 years, with a m^n of 65 years. Neither principal 
past employment, duration of rt^sidence in the community, nor sex was epi- 
demiologically significant in the occurrence of the fatal illnesses. Only in 
-rtie-severity^nd in the outcome did the fatal cases differ from the ver>' ill 
persons who did noi die. Pre-existing disease of the cardio-respiratory 
system appeared as the single significant rommon factor among the fatally 
ill. (In four of the 17 fatal cases no history of chronic or acute disease prior 
to the episode was obtained.) 

Investigation of the blood for specific antibodies made by the haemagglu- 
tination-inhibition method of Salk (1944) for influenza B, A and Al resulted 
in titres that led to the conclusion that epidemic influenza did not play a 
part in the outbreak of illness. 

Studies for frequency^ of denial caries and dental fluorosis, urinary excre- 
tion of fluoride, and fli^ride content of animal bones indicated that the 
ambient air of Donora ordinarily^ contained a very low concentration of 
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TABLE 4 

SYMPTOMS PRODUCED BY AIR POLLUTION 
IN DONORA. IN DECREASING ORDER 
OF OCCURRENCE IN ALL AGES 



Symptom 



Cough 

Non-productive 

Productive 
Sore throat 

Constfiaion of the chest 
Headache 

Dyspnoea without orthopno 

Smarting of the eyes 

Orthopnoea 

Lacrlmation 

Vomiting 

Nausea without vomiting 

Nasal discharge 

Fever 

Choking 

Aches and pains 

Wsakness 

Cyanosis 

Diarrhoea 



% 



33.1 
20.2 
12.9 
23.1 
21.5 
17.0 
119 
12J 
3.4 
8.0 
7.4 
7.1 
6.6 
2.6 
2.3 
1.9 
1.8 
1.0 
0.1 



Sourc«. Ashe (1951). (By permission from "United Ststes 
TtchniciJ Conference on Air Pollution " by t. C HcCabe. 
editor. Copyright 1»S2. McGrew-HMI Book ComMny. Inc.) 



fluorides when compared with similar eommunities in the USA. This was 
considered as indirect evidence that^n accumulation of fluorides to noxious 
levels during the episode was very unlikely to have occurred. For this 
reason it was felt that irritant fluoride inhalation could not have accounted 

for the illnesses or deaths. * 

The tests made indicated in total that, since during ordinary times 
fluorides in th** Donora air were presint in exceedingly minimal amounts, 
if at all, then it is not reasonable to expect that such exceedingly small 
amounts could have accumulated during the abnormal weather period to 
reach a level of concentration that would be significant as a respiratory- 
tract irritant* 

Analyses were made of morbidity records, available only for Donora 
residents who were employed in the local factories, and of the community's 
mortality records. These analyses showed that, with only two exceptions 

in relation to time, neither the health patterns nor the mortality patterns of ^ 

the people of Donora were essentially different from those of people in 
nearby communities that were comparable socio-economically. The first 
of these exceptions was the obvious one of the period covering the acute 
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TABLE S . 

INCIDENCE OF ILLNESS AMONG PERSONS OF 
INDICATED AGE IN DONORA AREA 





% ol pcrtont of indicated af • 
reporting affection from air pollution 


Age in /cars 




Degree of affecfwi 






Total 












Mild 


Modentc 


Severe 


Ail ages 


42.7 


15.5 


16.8 


10.4 


Under 6 


15.9 


9.8 


4.3 


1.8 


W2 


29.6 


15.7 


110 


2.9 


13-19 


27.3 


15.2 


9.6 


2.5 


'S20-24 
\25-29 


31.2 


13.9 


13.1 


4.2 


40.3 


18.8 


14.9 


6.6 


30-34 


48.0 


17.1 


218 


8.1 


35-39 


5Z3 


19.5 


23.7 


9.1 


4(M4 


54.9 


2X2 < 


21.8 


10.9 


45^9 


57.1 


17.8 


24.7 


14.6 


50*54 


59.4 


18.9 


22.0 


18.5 


55-59 


58.1 


13.7 


24.0 


10.4 


60-64 


63.3 


11.0 


22.9 


19.4 


65 and over 


59.8 


10.6 

- 


10.3 


28.9 



FIG. 1 

CUMULATIVE INCIDENCE OF AIR POLLUTION AFFECTION 
IN THE DONORA AREA« 25 OCTOBER TO 1 NOVEMBER 1948 
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episode of October 1948. The second was that mortality records revealed 
that a crisis had occurred in Donora in 1945 similar to the 1948 episode. 
It appeared thai in April of 1945 the death rate of the city was higher than 
for any other month during 1945-48. Findings in regard to atmospheric 
conditions, resembling those of October 1948, suggested that the environ- 
ment may have contributed to the higher incidence of deaths due to cardio- 
vascular disease ^ttrmg that time. 

In the October 1948 episode autopsies were carried out on only five of 
the bodies of the persons who died. Three were of fatalities that occurred 
during the episode, and two of persons who died later. Of these, three 
showed acute irritative changes in the lungs, characterized by capillary 
dilatation, haemorrhage, (^ema, purulent bronchitis and purulent bron- 
chiolitis. Chronic cardiovascular disease, the o rigin of which antedated the 
episode, was a prominent finding in the autopsy examinations. This obser- 
vation confirmed the conclusion, previously reached on clinical grounds, 
regarding the significance of pre-existing heart disease in the nature of the 
illness that developed during the episode. 

Correlation of the engineering and meteorological data with the medical 
findings, for the purpose of determining the specific substance or substances 
which might have served as the immediate cause of the illnesses and deaths, 
led to an impasse. From these sets of data, developed from information 
collected after the episode, it was not possiMe to conclude with certainty 
that any one of the measured air-borne materials that were estimated or 
actually measured could have accounted for the syndrome. It appeared 
reasonable, however, to conclude that the health effects were probably due 
to a combination of materials. We concluded that no single substance was 
responsible, but that the illness was probably due to a combination of the 
action of two or more of the air contaminants. It appeared that the culprit 
was a combination of sulfur dioxide (estimated to have reached a. level of 
from 0.5 p.p.m. to 2.0 p.p.m.) (Hemeon, 1955) together with its oxidation 
products and non-specific particulate matter (Schrenk et al., 1949). It was 
not possible to determine the significance of other potential irritants^^ 
although, in the light of existing knowledge, we doubted that they were 
significant. 

On the basis of the reported data, and additional sources of information 
collected later, subsequent to our report other workers in the field of air 
pollution studies continued to discuss possible immediate cau^ of the ill- 
nesses. One suggested that solid air-borne materials, specifically " metal 
ammonium sulfates, derived from the reaction of the sulfur oxides with 
metallic elements and compounds, constituted the likely cause of the health 
effects (Hemeon, 1955). A second investigator suggested that the oxides 
of nitrogen constituted the culpable agent (Mills, 1950). Another believ^ 
that the accumulation in the air of irritant fluoride compounds was respon- 
sible (Chem. Engng News, 1948). The data in the official report did not 
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support the thesis that either the oxides o( nitrogen or irritating fluoride 
compounds could have accounted for the sicknesses. The possibility of the 
effects having been caused by metal " ammonium sulfates, it seems to 
us now, requires serious consideration. 

London, 1952 

From 5 to 9 December 1952, many parts of the British Isles were enve- 
loped in a fog associated with anticyclonic weather conditions and a tem- 
perature inversion. The broad Thames Valley, and especially London, 
was severly involved in this weather abnormality, which was associated 
with an unusual frequency of illness atid death that went unrecogniz^ sub- 
stantially until after its oojurrencc. Although such a weather peeCiliarity 
associated with increase of sickness had occurred previously in the region, 
the unusually severe episode of December 1952 was well documented and 
is therefore selected for presentation in this review (Abercrombie, 1953; 
Brit. med. /., 1953; Douglas & Stewart, 1953; England and Wales, Ministry 
of Health, 1954; Fry, 1953; Great Britain, Committee on Air Pollution, 
1953, 1955; UvvU.cr, 1955; Logan, 1953: McCabe, 1954; Scott, 1953; 
Smithard, 1954; Walpole, cited by Cullumbine, Pattle & Burgess, 1955; 
Wilkins, 1954). 

Within about 12 hours after the heavy fog began and the air pollution 
accumulation started, an inordinately large number of people in Greater 
London began to become ill with respiratory tract symptoms. During the 
episode an unusually large number of deaths occurred (England and Wales, 
Ministry of Health, 1954; Fry, 1953). The symptoms of the illnesses 
consisted of cough with relatively little sputum, nasal discharge, sore throat 
and sudden attacks of vomiting. The more severely ill were those who " gave 
a history of previous chest trouble... i.e., chronic bronchitis, asthma, bron- 
chiectasis, or one of the forms of pulmonary fibrosis " (Fry, 1953). The 
illnesses generally had a sudden onset, many of the more severe cases l^gin- 
ning on the third or fourth day of the fog. From the very ill patients the 
following signs were elicited, in addition to the symptoms noted above: dys- 
pnoea, cyanosis, moderate fever and rdles and rhonchi indicating brencho- 
spasm. There was a fair response of the symptoms to antispasmodic drugs 
in some of the cases. The illn^ appeared to be modified by sex and age, 
for men were attacked with greater frequency than women and most of the 
sick were over 45 years of age. 

Hospitals had an appreciably higher number of admissions of new 
patients than was normal for such a period of the year. The increase was 
particulariy high for cases of acute respiratory tract disease, which " nearly 
quadrupled" for one institution (Abercrombie, 1953). Heart disease 
admissions to hospitals also increased sharply. 

Although the incidence of illness could not be estimated with any degree 
of certainty (England and Wales, Ministry of Health, 1954), mortality inci- 
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dcnce was available through the Registrar General's records; these death 
records were carefully studied and analysed, and a sunimary of the data was 
reported. From the incomplete morbidity records available, it was ajudged 
that although morbidity rates increased, the increase was not in an expected 
proportion to that of mortality. The mortality records showed that for a 
two-week period that covered the week of the episode and the week after 
there was a total of about 4000 excess deaths in Grater London^ compared 
with a similar period in pre\ious years, and it was felt that this excess of 
deaths was " brought about by the fog incident " (Logan, 1953). The 
increase in death frequency began on the first day of the episode. During 
the period in question other large towns in England showed only a mode- 
rate rise in the number of deaths compared to that of London, and the 
Central London area showed a larger increase than did the " outer ring '* 
of the city. 

" All ages shared to some extent in the increased mortality and ... it was 
by no means confined to the very young or the very old " (Logan, 1953). 
The older persons (45 years of age and over), however, b^d the highest 
increment, and the very young (under 1 year of age) als^had an unusually 
high frequency of deaths (Table 6). The bulk of the people who died were 
recorded as having had chronic bronchitis, bronchopneumonia, other lung 
disease, or disease of the heart (Table 7). Chronic bronchitis was especially 
prominent as a pre-existing disease in the fatal cases. 

Correlations were made between the incidence of botb^kness and 
death in the London episode and the air-borne quantities of smoke and of 
sulfur dioxide, up to 60 % of which was believed to have been due to domes- 
lie fires. Smoke concentrations during the fog were found to be five times 



TABLE 6 

REGISTERED DEATHS IN LONDON ADMINISTRATIVE COUNTY, 
BY AGE; COMPARISON OF SEVEN-DAY PERIOD BEFORE THE 1952 
EPISODE WrTH THE SEVEN-DAY 
PERIOD THAT INCLUDED THE EPISODE 



7-dsr parted 



7*4iY period 
that iftdudtd 
the cprtodc 



RstiOOf 
(S)to<A) 



All ag«s 
Und«r 4 w«eks 
4 w««ks to 1 y«ar 

1-14 yet« 
15-44 yetrs 
45-64 years 
65-74 years 
75 y«ars and ov«f 



945 
16 
12 
10 
61 
237 
254 
355 



2484 
28 
26 
13 
99 
652 
717 
949 



16 
1.8 
XI 
1.3 
1.6 
2.8 
2.8 
17 



Sourct: Lofan (1^3). 
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TABLE 7 

NUM8ER AND RATIO OF DEATHS IN LONDON ADMINISTRATIVE COUNTY 
BY SELECTED CAUSES FOR SEVEN-DAY PERIOD 
PRECEDING THE 19S2 EPISODE. 
THE SEVEN-DAY PERIOD THAT INCLUDED THE EPISODE, 
AND THE SEVEN-DAY PERIOD FOLLOWING THE EPISODE 



CauM of death 


7 4MY9 
before 
episode 

(A) 


7-4xf 
penod 
fnctuding 
period of 
epifode 
(B) 


Ratio 
of (B) to (A) 


7^tar 
penod 
after 
episode 

(C) 


Ratio 
of(C)to<A) 


Respiratory tuberculosis 


14 


77 


5.5 


37 


16 


Cancer of the \ung 


45 


69 


1.5 


32 


0.7 


Pneumonia (excluding 








those under 1 va^r 












of age) 


45 


168 


3.7 


125 


18 


Brondti*i$^ 


76 


704 


9.3 


396 


5.2 


Influenza 


2 


24 


12*0 


9 


4S 


Other respiratory disease 


9 


52 


5.8 


21 


13 


Coronary heart disease 


118 


281 


Z4 


152 


1.3 


Myocardial degeneration 


as 


244 




131 


1.5 


Suicide 


10 


10 


1.0 


7 


0.7 



Source: Logan (19S3). 



greater than those found at other times. The sulfur dioxide level rose to 
1.3 at one location for one short period of time. The fteneral average air 
concentration of sulfur dioxide during the episode was 0.7 p.p.m.— about 
six times the usual level. Measurements of air concentrations of sulfur 
dioxide did not show levels that arc currently generally considered toxic 
(Amdur, Melvin & Drinker, 1953; Amdur, Silverman & Drinker, 1952). 
Authorities studying the London episode considered the sulfur dioxide level 
only is one index of pollution. It was not known then, nor is it now, 
exactly what substances in the air should be measured in such episodes as 
the definite culpable toxic agent. 

Careful consideration was given to all the factors that might have been 
responsible for the sicknesses and deaths that occurred during the period. 
The ones that received most credence were the fog, the prevailing low tem- 
perature, the sulfur oxides and the solid matter in coal smoke. The subject 
of specific etiology was summed up in this manner in a government report: 
" Whilejhe available evidence does not allow of a clear indictment of any 
one constituent of the fog, the conclusion is inescapable that the excessive 
mortaiity and increased incidence of respiratory illness during and imme- 
diately after the fog of December 1952 were the result of irritation of the 
respiratory tract by contaminants of the fog. The irritants mainly respon- 
sible were probably those derived from the combusti n of coal and its pro- 
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ducts and their lethal effects were almost wholly exercised in persons already 
suffering from chronic respiratory or cardiovascular disorders" (Great 
Britain, Committee on Air Pollution, 1953, 1955). 

The coal and coke that is used in Great Britain has an average sulfur 
content of 1.5 % . The manner of burning this solid fuel in relatively ineffi- 
cient open grates is probably also of significance in its contribution of sulfur 
gases to the ambient air (Parker, 1950). It was estimated that in 1948, for 
example, there were 190 million long tons ^ of coal used in Great Britain and 
this accounted for 4.7 million tons of sulfur dioxide discharged into the air. 
This was divided by source as shown in Table 8. 

TABLE 8 

MAIN USES OF COAL ANtTESTIMATES 
OF RESULTANT SULFUR DIOXIDE POLLUTION 
IN GREAT BRITAIN FOR 1948 







Esttmaud aitntal poUucion 






b/ sulfur dtoxKl* dhdturgmd 






from fu«l combvttkm 




Jyp9 and us* of fml 










Amount in 








milltont of long 


•/ 






ton* a 






Coal 








Domestic use 


0.9 


19.1 




Etectricity-senerating sutions 


0.8 


17.0 




Railways 


0.4 


8.5 




Other indiistflal uses 


1.7 


36.2 




Coke and gas 








Coke ovens and coke use 


0.5 


10.6 




Gas tn<lustf7 








At gasworks 


0.1 


11 




Use of gas 


small 


small 




Use of coke 


0.3 


6.4 




TottI " ~ " 


4.7 


99.9 



Sour<«: Isaic (1fS3), p. 213. 

a 1 lOAf t«fi ^ 1«016 m«trk tont. 



Similar air pollution episodes, but possibly of a less violent nature, had 
.happened in London before the 1952 crisis. Prior to that crisis, a major 
increase in mortality was associated with the following periods of severe 
fog: December 1873, January 1880, February 1882, December 1891, 
December 1892, and November 1948 (Brodie, 1891; Logan, 1956; Parker, 
1957; Russell, 1924). In the 1948 episode Uiere were 300 excess deaths 



* 1 k>iig ton B 1.016 metric tons. 
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(Logan, 1949). A later episode, in the winter of 1956, accounted for 
1000 excess deaths. One British report (Logan, 1956) mentioned that 
although there was an apparent infrequency of such mcidents in the 19th 
century and the first half of the 20th, the appearance oPthree such incidents 
within the eight-year period prior to 1957 ** was disquieting The rea- 
sons for the increased occurrence of such episodes are obscure at this time 
(Bourne & Rushin, 1950; Brodie, 1905; I>ouglas & Stewart, 1953; Marshall, 
1952). 

The 1952 episode was severe Mough to incite public opinion to the 
degree that the Government called for an investigation. This resulted in 
a series of recommendations aimed at preventing recurrences (Great 'Bri- 
tain, Committee on Air Pollution, 1953, 1955). 

Los Angeles 

The County of Los Angeles, which i&cliAles within its bounderies the 
City of Los Angeles, is located partly along the narrow Pacific coastal plain 
in the southern portion of the State of California. The land rises gradually 
eastward from the coastline for a distance of about 30 miles, climbing 
approximately 2000 feet until it abuts against the mountains. There are 
also mountains to the north and south of the area of the county included 
in the sloping plain. The natural land barriers, together with the light 
breeze from the ocean side, form a pocket in which the air moves relatively 
sluggishly in a horizontal direction. In this area of 1600 square miles ^ 
live aj^oximately five million people of whom half are congregated in 
the City of Los Angeles. 

For some time this region has been affected during the summer and 
early autumn by occurrences of relatively hi^ concentrations of air pollu- 
tion—locally termed ** smog that cause irritation of the eyes, nose 
and throat, damage to vegetation, and haziness of the atmosphere (Abrams, 
1949; Cadle & Magill, 1951; California State Department of Public Health, 
1955, 1956; Faith, 1954; Kennedy. 1954; Magill, 1949; Senn, 1948; Stanford 
Research Institute, 1948, 1949, 1950, 1954). 

Preliminary medical investigations in Los Angeles indicate that during 
periods of smog there is a large number of complaints of eye irritation and 
some irritation of the nose and throat, but the rates of occurrence of these 
subjective complaints liave not been ad^uately recorded. The symptoms 
disappear when the air pollution fades, and it s^ms that they leave no 
subjective or objective residue. An interesting investigation* still in progress 



* 1 sq. mile ^ 2.6 km*. 

* Accordifif to Webtter t ^rtr Uit^rnaHanal dictionary of the English iartguagt, 2nd ed., 1956, 
SpriDffidd, III., smog » ** a fog made heavier and darker by the smoke of a city The word 
is a ble.id of smok* and fog. It is decidedly a miinomer in this instance since the condition 
to which it refers in Los AnfHes is due neither to fof nor to smoke. In fact, it is said that 
when either fog or smoke is present in the air over the city, ** smog does not occur. 
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in Los Angeles, involves the medical observation &( a selected group of 
elderly persons to determine whether or not frequency of hospitalization 
or death in this group is associated with higher levels of air pollution. 
Initial results indicate that there is no such relationship even though this 
group is very sensitive to " stress, " as is shown by their poor adaptation to 
sharp elevations of the temperature of the ambient air. According to 
local surveys general sickness incidence and air pollution in Los Angeles 
show no obvious relationship. Hospital admissions for respiratory and 
cardiac diseases show no abnormality during periods of smog. It would 
appear that children in school become more unruly during days of high 
air pollution. These and other studies of the po^ible relationship of human 
health to smog in Los Angeles are continuing. 

The specific agents possibly responsible for the smog are under intensive 
study in Los Angeles and in laboratories scattered over the entire covntry. 
The following is a list of air-bon» substances, and groups of substances, 
that have been or are currently consider^l as causally related to the smog: 
(I) sulfur oxides (sulfur dioxide and sulfur trioxide), (2) oxides of nitro- 
gen, (3) aldehydes, (4) ketones, (5) acids, (6) chlorinated hydrocarbons, 
(7) acrolein (or an " acrolein-like '* substance), (8) chlorinated aldehydes 
(and related substances such as chloracetone, trichloraceticaldehyde, 
monochloracetic acid, alphachlorproprionic acid, and chloracetophenone), 
(9) formyl compounds (formic acid and formaldehyde), (10) ozonides and 
peroxides of hydrocarbons of the series present in gasoline, esp^ially the 
straight-chain hydrocarbons containing double bonds, (II) ozone, (12) 
nitro-olelins, (13) peracylnitrites, (14) organic free radicals, and (IS) carbon 
suboxide. 

It is considered thaLihe gases and aerosols that are discharged into the 
air may not be irritant /^er se. What is more likely is that the i<ib<tances 
which normally reach the air are acted upon by the ultraviolet iiys of 
sunli^t, resulting in various syntheses, and such syntheses result in the 
appearance of the smog-forming substance or substances. Sulfur dioxide 
as the primary irritant gas has been fairly well ruled out of consideration 
for many reasons, among which is the fact that it is said not to be a major 
air component. (On days of good visibility the maximal concentration of 
sulfur dioxide is O.OS p.p.m., and on days of reduced visibility this value 
may rise to 0.3 p.p.m.) (Los Angeles County Pollution Control District, 
1951.) According to present opinion, the oxides of nitropn and hydro* 
carbons (mostly olefins), both arising from combustion processes, i^rticu- 
latly of petroleum products, are involve in the significant photochemical 
changes that take place in the air (Cadle & Magill, 1951; Faith, 19S4; 
Haagen-Smit & Bradley, I953a,b; Los Angeles County Pollution Control 
Di^rict, 1954). Under laboratory conditions this reaction betw^n oxides 
of nitrogen and hydroorbons in the presence of ultraviolet light produce 
materials which can cause the same eye-irritating effects on humans and 
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damaging effects on plants as those observed under natural daylight con- 
ditions during smog. For example, exposing non-irritant Los Angeles 
night air. which contains these precursor chemicals, to artificial ultraviolet 
li^t produces the same kind of irritant material (Littman, Ford & Endow, 
1956). All these chemical reactions are associated with the production of 
appreciable increases of ozone in the air. There is some question, however, 
as to whether ozone itself is the noxious agent. In fact, the specific cause of 
eye irritation in Los Angeles is not known although many substances have 
been suspect^. Furthermore, it is altogether possible that a single sub- 
stance is not responsible for all three phenomena — eye irritation, vegetation 
damage and air ha^. It is equally pc^ible that if H^health is produced 
by Los Angeles smog, this may be due to air pollutants other than those 
that oiuse the eye irritation , vegctat ioa damage and haze. 

The high frequ^cy of smog days has aroused the Los Angeles populace. 
The people are deeply concerned ove; (a) the possibility that some day 
a level of air pollution may be reached capable of arasing severe illness 
among susc^tible individuals; (b) the possibility that long exposure to 
the local air pollutants has an adverse health effect which may not appear 
until after many years; (c) the annoyance and worry caused by the eye 
irritation. It is interesting in connexion with the last cause of concern to 
speculate about the development of symptoms and of disease due to stress 
itself and the resulting adrenal-cortical overactivity (Foulger, 1952; 
Selye, 1957). 

Pozt Rica, 1950 

Poza Rica is an oil refining and natural gas processing town in Mexico, 
near the coast of the Gulf of Mexico, with a population (in 1950) of about 
22 000. On 24 November 1950 it was seriously affected by an accidental 
spillage of hydrogen sulfide gas, which caused the illness of 320 persons and 
22 deaths (McCabe, I95I ; McCabe & Clayton, 1952). The episode started 
with the accidental mishand ling of n atural gas processing machinery that 
resulted in the spillage and spread ojf a Targe amo unt of hydrogen sulfide 
gas over the residenttaTarea of the community. The situation was aggra* 
vated by a weather inve»ion associated with slight lateral air movement. 

Within 10-20 minutes after the spillage began, the ^s reached the people, 
causing them to become severely ill. The source of the gas was stopped 
20-25 minutes after it fi«t appeared. It was during this very short period , 
of time that the sicknesses began and deaths occuired. The effecU of the 
^s were those characteristic of hydrogen sulfide inhalation (Ahlborg, 
1951 ; Mitchell & Davenport, 1924). The symptoms included loss of the 
sense of smell, cough, dyspnoea, conjunctival irritation, nausea and 
vomiting, severe headache and vertigo. Four survivors had sequelae of 
nervous origin, two developing neuritis of the acoustic nerve. Of the other 
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two, one developed dysarthria diit to a neurological effect on his tongue, 
and the other had marked aggravation of pre-existing epilepsy. The poison 
gas affected all ages and both sexes. No further analysis of the age or sex 
distribution is possible from the published report of the incident (McCabe 
& Clayton, 1952). 

In the one autopsy that was performed the findings were non-specific, 
typical of death due to acute poisoning from any of a number of very 
noxious gases. There was congestion and haemorrhage of the lungs with 
slight oedema. Punctate haemorrhages were found in the brain. 

Hair disease 

During the four yeai^ 1924-27, inclusive, outbreaks of a peculiar malady 
ascribed to air pollution occurred among fishermen along the east coast of 
Prussia facing the Baltic Sea. There were 600 such cases in 1924, 176 in 
1925, 16 in 1926, and 19 cases in 1927. The condition was termed " Haff 
disease after the names of the communities in which the cases occurred 
— Frischer Haff, Kursicher Haff and Pomerischer Haff ^ The disease 
occurred among fiihermen who worked on the low-lying land along the 
lagoons. It also affected the do^ and birds that fed on the same land. 
The disease was manifest^ by muscle cramps, haematuria and anaemia, 
and thus resembled arsine ^s poi«jning (Lintz et al., cited by Balta et al., 
1933, page 183; Pinto ct al, 1950; Steel & Feltham, 1950). No air samples 
were collect^ for study to confirm the presence of arsine. A possible 
source of the gas was from the action of sewage-contaminated sea-water 
upon the arsenic-containing iron pyrites present in processed material 
that was discarded from a nearby factory* 

Dtsciissioii 

As a result of reading the foregoing accounts of air pollution incidents 
the reader can have no doubtlhBt the ambient air of thickly settled and 
highly industrialized communities, and even of less crowded places, can 
occasionally be contaminated by large quantities of foreign substances 
that may be noxious, and that such a situation can cause epidemics of non- 
fatal and fatal sickness. In all places in which such incidents occurred and 
were adequately documented retrospective investi^tion generally revealed 
that similar situations had occurred previously. The earlier incidents, however, 
either lack^ adequate documentation or were not recognized as crises at 
theiime. This fact impels one to speculate about how many such episodes 
have occurr^ in places other than those for which adequate documenta* 
tion exists and in how many communities they may be taking place even 



* The word Mt^ i% German, signifying a long, shallow lagoon separated from the open 
tea by a narrow sand bar or barrier beach* 
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iiow. It is reasonable, however, to assume that other air pollution epi* 
demies have occurred and not been recorded. The very nature of the con- 
dition, by virtue of its gradual development, as well as the usual manner 
of keeping incidence records of sickness and death, makes this probable, 
i >r an air pollution episode that is associated with adverse effects upon 
health is generally not recognized until it terminates — if it is recognized 
at all. _ 

Comparative stu^y^ of the few incidents for which there are suitable 
records leads to the conclusion that a single pattern does not fit them all. 



TABLE 9 

COMPARISON AHONG THREE HAJOR AIR POLLUTION CRISES, 
MEUSE RIVER VALLEY. 1930. DONORA* PENNSYLVANIA. 1948. LONDON. 19S2 





H«ut9 Vall«y. 


Donori.1948 


London, 19S2 










Weather 


Anticyclonic. 
inversion^ and 
fog 


Anticyclonic, 
inversion, and 
fog 


Anticyclonic 
inversion, and 
lot 


Topography 


River valley 


River valley 


River plain — 


Most probable 
source of 
polluunts 


Industry 
(including iwl 


Industry 

- (including steel 


Household 
coal-burning 


and zinc planu) 


and zinc plants) 


Native of the 
illnef ses 


Chemical 
— irritation of 
exposed . 
membranous 
Slices 


Chemical 
irritation of 
_-_ exposed - 
membranous' 
surfaces 


Chemical 
irritation of 
exposed 
membranous 
surfaces 


Deaths among 
those with pre- 
existing cardio- 
respiratory 
disease 


Yes 


Yes 


Yes 


Time of deaths 


Began after second 
day of episode 


Began after second 
day of episode 


Began on first 
day of epls(»de 


Ratio of illnesses 
to deaths 


Not available 


75 ; 1 to 300 : 1 


Illness rates not 
in expected 
proportion to 
thtt of deaths 


Autopsy findings 


Inflammatory 
lesions in 
lungs included 
parenchyma 


Inflammatory 
letions In 
luAffl did not 
Include 
^onchyma 


Inflammatory 
lesions In 
lungs Included 
parenchyma 


Suspected 
proximate cause 
of irritation 


Sulfur oxides 
with 

particulates 


Sulfur oxides 
with 

particulates 


Sulfur oxides 
with 

particulates 

i 
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There are, however, some striking similarities among three of the episodes 
for which we have documentation— namely, th e Meus e Valley, Donora and 
London incidents (see Table 9). (We shall omit the Poza Rica incident, 
Haff disease and the Los Angeles smog because their patterns are essentially 
different from those of the others.) 

The Meuse Valley and Donora episodes were much alike, while the 
London episode, though following a basically similar pattern including 
the same weather conditions, was different from the other two in several 
interesting ways. First, in regard to topography, we found that whereas 
the Meuse Valley communities and the city of Donora are located in deep 
river valleys, London is situated on a gently sloping plain. Secondly, we 
found that in both the f^tusz Valley and Donoja the largest single source 
of air pollution was heavy industry, including Si^'^ffis and zinc reduc- 
tion plants, whereas in London industrial sources were of lesser signifi- 
cance and the use of coal in the individual households was the majot source. 
Thirdly, in regard to the illnesses themselves, there wer^ some similarities 
and some diflferences. In all three episodes the induced illnesses involved 
chemical irritation of the eyes, nose, throat and respiratory tract, with a 
consequent effect upon the heart in susceptible persons as a result of the 
respiratory tract irritation. There were two import^^nt differences betw^n 
the health effects in London as compared to those in the Meuse Valley 
and Donora. These were (a) the time during the episode that deaths 
occurred, and (b) the ratio of the number who became ill to the number 
who died. In the Meuse Valley and Donora outbreaks, deaths did not 
begin until after the pollution had been collecting for two day*;. In the 
London episode, however, the excess deaths began on the first day, and 
even within the first 12 hours. This observed difference possibly may have 
been due to, among other reasons, a more rapid piling up of air pollutants 
in London than in the other two places, or to a high degree of suscepti* 
bility to severe reactions in the population of London as compared with 
the population of the other two places. In regard to the ratio of the number 
of persons who became ill to the number who died, it is to be noted that 
if one considers the total number of persons who were ill during the episode 
in Donora, the proportion of illness frequency to deaths becomes about 
300 to one. If only the very severely ill are considered the proportion turns 
out to be about 75 to one. For the Meuse Valley incident the data do not 
permit an estimation of a corresponding ratio, since numerical data on 
sickness frequency were not reported, although the number of deaths was 
known. Competent authorities on the London episode of 1952 noted that 
morbid' / rates did not increase in a proportion which one might have 
expected with such a known mortality (England and Wales, Ministry of 
Ilralth, 1954). 

Some important diflTerences were noted in the autopsy reports. In the 
very few autopsies that were done in Donora it was found that the 
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respiratory tract changes reached down only as far as the deeper bronchi 
and the bronchioles. In both the London and Meuse Valley autopsies the 
findings included inflammatory lesions throughout the tracheobronchial 
tree and the lung parenchyma. 

It appears, therefore, that the Meuse Valley and Donora episodes 
were similar to each other in many ways, and diflfered in some significant 
respects from the London episode. Furthermore, whereas the first two 
events were associuled with specific factory air effluents, it is emphasized 
that the London episode was characterized by pollutants arising from 
household coal-burning. The latter pollutants can be ^nsidered in the 
present state of our knowledge; as chemically non-specific materials thai 
act as irritants. So characteristic is this of urban centres throughout the 
world that it is referred to in one report as " typically urban " and ** rela- 
tively featureless. '* This is not to imply that the cause in London event- 
ually will not be found to be a specific agent (or group of agents). It is 
suggested, rather, that in the London episode the air pollutants, when 
considered in terms of their human effects, closely resemblaJ those present 
in the air of many l?'"ge urban ar^s. These pollutants were quite similar 
to those of many other urban ^reas in that they are irritating to the 
exposed living membranes (of the eyes, nose, thsaaUwd respiratoiy tract). 
For example, although Los Angeles air pollution is chemically different 
from that of London (Lodge, 1957) the two resemble each other in their 
effects on man since each ^uses irritation of exposed living membranes. 
The acceptance of the concept jcf a ** relative unity" of physiological 
response (Hendei^n & Hagprd, 1943) to chemically different air 
poHutants, especially_BS such pollutants occur in urban industrialized 
centres, will probably serve to simplity the study h uman health effects 
of air pollution. Such a concep' will permit us io consider the quality 
and quantity of the pollutants in ♦^rms df their irritant effects, i.e., " units 
of irritancy. 

It is true, as pointed out later in this chapter, that in order to take econo* 
mically reasonable steps for the control of air pollution fur health reasons 
it is necessary that the specific chemical substances producing symptoms 
and illness should eventually be knoivii. St€ps leading to the acquisition 
of this information may be taken later, after we have studied the illnesses 
caused or aggravated by irritant air pollution. 



Mechamsm of Actton of Air Pollutant^ 

The effects of a^r pollution on human HenHh generally occur as a result 
of contact between the pollutants and the » '^y. The major exception^ iO 
this generalization include the absorption of ?olar radiation by pollutants, 
causing a decrease of the intensity of these r?*ys that may reach man, and 
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the emanation of ionizing radiation from some radioactive isotopes with 
the adverse action of these ionizing rays on the body. These and other 
exceptions are discussed more fully later in this review. 

Normally, bodily contact occurs at the surfaces of the skin and exposed 
membranes. Except in the unusual instances of very strongly irritant 
vapours and of some agents that are strongly allergic to the skin (e.g., Rhus 
toxicodendron), the skin as a point of contact with air pollutants is of much 
less physiological significance than are the membranous surfaces of the 
body that are in contact with the ambient air. Such contact with exposed 
membranous surfaces can be of utmost importance both because these 
surfaces are particularly sensitive to injury and because of their high 
absorptive capacity compart to that of the skin. In discussing air pollution 
effects upon the membranes primary consideration, it seems to us^^ust 
be given to the irritant qualities of these substances. Such airborne gases, 
va^urs, fumes, mists ami dusts may have their bodily contact with, and 
may cause irritation of, the membranes of^l^^ye^, nose, nasal accessory 
sinuses, throat, larynx, tracheobronchial tree and lung parenchyma. Some 
irritants even reach the mucosa of the digestive tract. 

Irritation manifests itself hrough the operation of the body's protec- 
tive mechanisms. In the case of the eye surfaces, the conjunctiva and cor- 
nea, the earliest reaction is discomfoi^ ^e^fo a sense of burning. Blinking 
and excessive lachrynation then commence and cleanse the eye of the offen- 
sive material quite effectively. The irregular air channels of the nose 
direct a large poriion of the air-borne pollutants so that they impinge 
against mucosal surfaces. These moist surfaces together with the vibrissae 
remove part of the pollutants, preventing them from reaching deeper into^ 
the respiratory tract. The nonnal mucoid secretions present on the walls 
of the nasal cavities and the throat and the increment of such secretions 
induct by the irritant serve to protect the epithelium. The filtering action 
of the nose, in addition to catching a vr smaU portion of inhaled gases, 
caa be expected to h old back the larger ^olid and liquid particles, esp^ially 
those that measure S(t or more in size (Drinker & Hatch, 1954 ; Eisenbud, 
1952). 

Since the sense of smell js a nasal function and provides a modicum of 
prot^tion against a^r pollution efl^ts^ it is mentioned at this point even 
though it is discussed in detail la^r in this review. It is, generaUy speak- 
ing, a poor protection agair^t air pollution health effects. For example, 
the sense of smell serves only fairly well as a warning mechanism in 
the case of sulfur dioxide gas, an air pollutant present in many urban 
atmospheres (Amduretal., 1953). Carbott ihoitoxide. since it has no odour, 
is another gaseous air pollutant against which the sense of smell fails to 
protect. 

Irritant air pollutants that dach the larynx^ in hi^ concentration may 
cause the glottis lo^close abruptly and prevent further passage of air, a 
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warning to the recipient to remove himself to a less irritant atmosphere. 

A significant protective action takes place on the surface membranes 
of the tracheobronchial tree through the production of mucus and through 
the action of the cilia. The whip-like action of the cilia pushes upwards 
and out towards the throat those particles and dissolved gases that are 
trapped in the mucus (Cralley, 1942; Dalhamn, 1956; Dalhamn & Rhodin, 
1956). When they reach the throat they are expectorated or swallowed. 
The cough mechanism also act^ to remove undesirable material from the 
tracheobronchial tree and from the deeper parts of the lung. When a 
highly irritant gas reaches the membrafies of the trachea or bronchi^ it will 
paralyse the cilia and even oiuse desquamation of the superficial layei^ of 
the epithelial lining (Dalham, 1956; Dal ham & Rhodi ,; 1956). There is 
evidence that repeated irritation of this membrane can IcaUjo hyperplastic 
and metaplastic changes of the cells (Auerbach et al.* 1956; Kotin. 1957; 
^ kanen, 1949). The relation of the metaplastic changes to the genesis 
o^^onchial cancer is not known at the present time. 

Irritiiit air polhittiits 

The part of the respiratory tract ufwiEr which an irritant gas acts is 
dependent in upon tht water solubility of the (Flury & &mik, 
1931 ; Hend^^n & Haggard. 1943). An inhaled irritant gas that is highly 
soluble in water is likely to be dissolved in the aqueous fluids in the upper 
portion of the respiratory tract and to exert its effect in that part of the 
airway where, as it happens, the epithelium is more resistant to injury than 
deeper in the respiratory tract. However, such solution of the gas can be 
greatly modified by the presence of aerosols in the inhaled air. Thus, a 
gas which by itself would not normally carried beyond the trachea and 
large bronchi may be absorb^ by or adsorbed on aerosols and, if those 
aerosols are of small enou^ diameter^ conveyed in that manner into the 
deeper parts of the lunp, even as far as the alveolar walls (Dautrebande, 
1951a; GordieyefT, 1955; U Belle, Long & Christofano, 1955). Upon 
reachii'^g the d^per parts of the airways the gas-laden aerosols may impinge 
upon the, walls to exert their^action, or desorption iftay occur in the air- 
ways themselves, allowing the gas in free molecular form to act upon lh«^ 
epithelial lining. There are many unexplained and unexplored factors 
invdved in these and closely related phenomena. Two such factors readily 
come to mind. An irritant gas that is absorbed the mucosa of the upper 
part of the respiratory tract may lead to ref!ex spasm of the distant bron- 
chioles, producing severe symptoms. Secondly, very fine dust particles 
of some materials that per se are generally considered to be " inert " in 
terms of physiological or pharmacological acu^n have been shown to be 
caimble of causing bronchoconstriction, apparently by virtue of an unex- 
plained local irritative action (Dautrebande, 19Sla). 



EFFECTS ON HUMAN HEALTH 



183 



When more than one potentially irritant gas or ac osol is present in 
the inhale air, the rejulting irritant effects vary. The result of the com- 
bination of several irritants may be merely the addition of the effects that 
each would produce by itself or the resulting effect may be greater (syner- 
gistic) (Amdur, 1954) or less (antagonistic) (Stokinger, 1956) than the mere 
sum of the effects each irritant would produce alone. The mechanism that 
accounts for such variation in action is not entirely clear at this time. 

The severity of tissue response to an irritant gas is not always dependent 
upon the product of the concentration of the gas and the duration of 
exposure. Thus, exposures to very low concentmtions of irritant gases 
may be continued for long periods of time and cause practically no 
observable eff»:t, whereas the same total amount of irritant gas if inhaled 
in a single breath can cause a great deal of tissue damage (Henderson & 
Haggard, 1943). This concept points up the importance of taking into 
account the peak levels of irritant g^s concentrations^ when consic'ering air 
pollution effects upon the lunp. In fact, since momentary high levels of 
concentration may have great physiological significance, it has been 
suggested that ther^ is no relationship between daily " average " figures 
for air concentration levels of irritant gases and the observed irritative 
lung effects. 

Experimental studies of t i c effects of irritant gases upon the lungs of 
man and animals have shown that these effects can be severe. Although 
all the irritant ^ses that may be present as pollutants in the ambient air 
are not known, some gases have been singled out as probable offenders. 
For example, in some past acute air pollution episodes sulfur dioxide gas 
.Was seriously considered to be the culprit. We shall discuss only two proto- 
type gases, sulfur dioxide and ozMliVfor ihey are gases that have received 
a great deal of aUention as air pollution irritants. Further investigation 
will establish whether or not these two gases are, in fact, majo^ offenders. 

SuUtir dioxide 

Sulfur dioxide appears in the air of most urban communities, its major 
source being the combustion of sulfur-bearing fossil fuels. This gas is 
likely to be present in appre'^ab^e amounts in the air of communities in 
which coal, especially of the so-cail^ lower gradt:s, and some fuel oils are 
the principal sources of heat and power. This is in contrast to those pla^s 
where natural and very low sulfur-bearing fuel oils and their products 
institute the main fuel. For instance, in New York City, one of the 
worid's largest cities, it has been estimated that 1 500 000 short tons ^ of 
sulfur dioxiue arc discharged yearly from the burning of the. j^uivalent of 
32000000 siiort tons of coal (Greenburg & Jacobs, 1956). The varying 
sulfur contents of fuels us^ in the USA are shown in Tables 10-13. When 
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TABLE 10 

SULFUR CONTENT IN WEIGHT PERCENT OF COAL MINED 
IN THE USA. 1952 AND 1955 



Kind of coal 


19S2 


19S5 


Mintmym 


Ay«raf« 


Maximum 


Minimum 




Maximum 


Bituminous 
Anthracite ' 
Lignite * 


0.2 
0.2 
0.4 


1.8 
0.6 
1.0 


8.7 
1.1 
2.8 


0.3 
0.4 
No dau 


2.0 
0.6 
Nodau 


7.9 
1.4 
No data 



Soiirc«: Arcsco « Halter <1953): Ansco. Hatltr ft Abtrncthy (19S6). 
a on lt<urc* availaM (or Pcnnsxl^a onijr. 

b Based on all coal mtn«d in North Dakoa no:, h o w ever , specr^ed a* lisnite in the reference sources* 



TABLE 11 

SULFUR CONTENT BY WEIGHT PERCENT 
OF MOTOR GASOUNE IN THE USA, WINTER 1956-57 



V 

t»nid« of c»otine 


SuHtn- content 
hy wmfht percent 


Mintmym 


Awrage 


Maximum 


Re|ular-pfice, octane number, research 
O.N. 89.1 

Premium-price, ocune number, research 
O.N. 96.7 


0.000 
0.000 


0.063 
0.051 


0.428 
0.207 



Source: BJade(19S7bK 



TABLE 12 

SULFUR CONTENT BY WEIGHT PERCENT 
OF BURNER FUEL OIL USED 
IN THE USA, BY GRADE OF OIL. 1956 



Burner oil 
frade 


Seifur concent hr weifhc percent 


No.of 
samples 
analirsed 


Minimuni__ 


_ Averaga 


Maximum 


1 


0.01 


0.149 


0.96 


152 


2 


0.05 


0.381 


1.4 


164 


4 


0.23 


0.801 


2.2 


37 


S 


0.42 




4.7 


60 


6 


0.29 


1.563 


^ 5^5 


138 













Sources Blade (1fS«K 
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TABLE 13 

SULFUR CONTENT BY WEIGHT PERCENT 
IN DIESEL FUEL USED IN " <E USA, 
BY GRADE OF FUt^ 1956 



Dicsd fuel 
fradc 


Suifyr cofic«iic by wight p«rc«nt 


No. of 
samples 
malyicd 


Hmtmym 


Average 


Haximym 


1-D 


0.009 


0.168 


0.78 


256 


2-D 


0.06 . 


0.363 


1.06 


216 


4-D 


0.12 


0.346 


1.00 


13 



Source: Bla^ (19S7a). 



sulfur with a molecular weight of 32 combines with oxygen to form sulfur 
dioxide the resultant material has a molecular weight of 64, double that of 
original elemental sulfur. Thus, in calculating the amount of sulfur dioxide 
that is potentially derived from the burning of sulfur-baring fuel, the 
proportion of the ori^nal weight of the fuel that is present as sulfur must 
te multiplied by a factor o f two J o obtain a truer concept of how much 
sulfur dioxide may be discharged. 

It has been shown that at a rather low level of concentration, a level 
not infrequently found in air, inhalation of sulfur dioxide in both experi- 
mental animals and man results in temporary sf^m of the smooth muscle 
h( the bronchioles; somewhat highci concentrations cause increased mucu$ 
production on the walls ©f i?ie upper airways; siffl higher concentrations 
result in severe inflnnuiiafciy responses in the mucosa, with desquamation 
of the surface epithelium. These irritant effects of sulfur dioxide, especially 
bronchiolar spasm, are aggrava^ by cold air. The reactions to these 
effects adversely modify lung function (Amdur,I954; Amdur et al., 1953; 
Grc^nwald, 1954; Lawther, 1955; Pattle & Cullumbine, 1953). 

A moderate ttegrec of resistance may develop from continued exposure 
to this gas. Such resistance is found among industrial worl^rs who are 
continually or repeatedly exposedtothe jasin their occupa tions (Anderson, 
1950). This effwn is believwl to be due to tte outpouring of increased 
amounts of mucus on to the walls of the tracheobromhial tree, serving 
to protect the epithelium (Henderson & Hazard, 1943). According to 
a report of one experiment, animals did not appear to develop such immu- 
nity after exposure to sulfur dioxide (W^on, Hartzcll & Sctterstrom, 
1939). It is not entirely clear under ^vhM wnditions we may expect a 
r^uccd level of reaction to sulfui dioxide in man and uncfer what other 
conditions the opposite— hypcrirritabUity and hypersensitivity— may occur. 
Hyper^nsitivity and hypcrirritability that are sometimes found in cases 
of exposure to sulfur dioxide ff^ arc discussed below. 
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Under certain conditions, related partly to the availability of solar 
energy and partly to the coexistence in the air of some potentially cata- 
lytic metallic compounds, some of the air-borne sulf jr dioxide gas is oxi- 
dized to become sulfur trioxidc, an extremely irritant imst rather than a 
gas. A portion or each of these two gases in the presence of water vapour 
(or water) form sulfurous and sulfuric acids, respectively. It is likely that 
some of the air-borne sulfur trioxide comes directly from tbe s^v^ combus- 
tion process that gives rise to the dioxide. In s umo urban areas fog has 
been shown to be associated with the presence of the trioxide in appre- 
ciable amounts in relation to the quantity of sulfur dioxide that is present 
(Ellis, 1931). Inhalation ex|:^riments with the trioxide in both animals 
and man show that it is a very strong irritaf^ much stronger than the 
dioxide, causing severe bronchospasm at relatively low levels of concen- 
tration. Furthermore, there is a marked degree of syne rff§m i n I hc phy- 
siological reaction that becomes manifest fr^n^exposure to low levels of 
both gases at ^he same time (Amdur, 1957). 

Ozomt 

Ozone is a gas* that h^ an irritant action in the respiratory tract, reach- 
ing much deeper into the lungs thafr the s ulfur ojuctes. The origins of ozone 
that is found in the air have not been clarified, but it is iikely tb-^c combus- 
tion and sanli^t are involved in its pr^iicTioh. 

Studies on ex p c rim c ^ al ^mimals have shown that ozone inhalations, 
at levels of concentration significantly below those inducing fatal pulmo- 
nary oedema, can result in the later manifestation of resistance to ozone 
irritation. In the animals previously exposed to the low levels of ozone, 
subs^uent administration of doses that orditiarily would be lethal do not 
result in death. The exact mechanism of this r^ponse is not at present 
known. E^n more important, it has hc&i discovered in our laboratories 
that animals subjected for a period of months to daily inhalations of 
sublethal doses of ozone develop fibrotic thickening of the walls of their 
bronchioles. Similar observations have been report^ for sulfur dioxide 
inhalation. ' Althou^ the full significance of this finding for man is as yet 
unknown, it is noted that there is a striking similarity between these histo- 
lo^^ observations and some of iht findirtpin eariy stages of chronic 
bronchitis in man (Reid, 1956). 

Nbtt-irritaal pothitaats 

Non-irritant noxious air pollutants ^nerally have their effon on the 
body after they arc absorbed from the lunp and are deposit^l elsewhere 
in the body. It is obvious that the speed with which this absorption occurs 
will be influence by the nature of the inhal^ material, among other 
factors. It is, perhaps, le^ obvious that the depw of absorption of a 
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non-irritant pollutant can be modified by such adventitious factors as the 
co-existence in the inhaled air of other pollutants that may be irritant. 
One interesting report recently suggested that lung irritation due to a 
noxious agent enhances the absorption rate into the blood of other poten- 
tially noxious agents (Taplin et al., 1951). In the case of air-borne carcino- 
gens, which may exert their action locally in the respiratory tract, the 
irritant quality of a second inhalant may, again, be of great significance. 
In this instance the irritant may be strong enough to cause partial para- 
lysis of ciliary movements on the tracheobronchial wall, and in this manner 
permit an increased amount of time for contact to continue between the 
potential carcinogen and the susceptible epthelium (Kofin, Falk & 
Tremer, 1957). It may be of further significangg that denudation of the 
surface layers of epithelial <^lls cau^ an irritant may expose the canccr- 
susc^ptible d^p-lying cells to more intimate contact with the carcinogenig. 
agent (KotiH; 1957). 

Non-irritanl gases that reach ihe alveoli of the lungs are absorbed into 
the Wood in accordance with well-known physical and physiological 
principles. The rate of absorption depends upon many factors, the more 
signLicant of which are the following: (a) the air concentration of the gas; 
(i) Ihc^ubility of the gaf^ in the ti^ue fluids and blood; (c) the amount 
of the gas die^y present m the blood and tissues; and {^0 the duration 
of exposure to the ^ (Rury & &mik, 1931 ; Hendeiwn & Haggard, 1943). 
From the lunp the gas is carried by tte blood to other parts of the body, 
where it may act upon susceptible tissues. A portion of the absorbed 
gas that is carried in t! e circulating blood is excreted by the lungs, \notiter 
portion combines with other substan^ in the body, changes its fortn, and 
may be excreteJ through the kidneys. 

Of the ^lid and liquid materials that are discharged into the air from 
all sources, a large fMirt generally xjonsists of particles whose size and masi 
arc of such a nature that it settles out of the air very rapidly. This action 
leaves behind the much smaller |»irticlcs that settle out more slowly, depen- 
dent in iMirt upon air movement. Thrae latter Ikpid and solid particles 
(aerosols), since they are air«bome for an appreciable period of tiiiK, may 
be inhaled. Of the acrosob that are inhale, generally only those of the 
size of about 1 fi and less may reach tte alveoli of the lungs and, of these, 
maximal alveolar retention takes place for mrticles whose diameters mea- 
sure between 1.0 fx and 0.6 fi ^nd those measure bcl^^w 0.2 y. (Brown 
et al., 1950; Undahl, 1950; Van Wijk & Patterson, 1940|. Retention of 
solid and liquid {^tctilate materials depends in j^rt on the rate and depth 
of respiration (Brown, 1931 ; Landahl, 1950; Undahl, Tracewcll & La^a, 
1953; Wilson & La Mer, 1948) and similariy upon the relative density of 
the material being inhaled (Davics, 1949, 1952, 1955). The solid aerosols 
are absorbed into the blood from the alvcoH mainly in proportion to 
their solubility in the surfees ^aliispe fluids rf the lung i»renchyma. 
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It has been^uggested that tKey may perhaps be modified by those fluids 
and thus become mere readily solubte. Some solid aerosols, and possibly 
some oily miscs, remain wiitally^ insolulrfe in the aqueous liquids that 
line the alveolar walls and are engulfed by tissue-wandering cells which 
carr>' them into the lymphatic stream. From that stream they arc depo- 
sited in pulmonary lymphatic depot p'>tnts or in the lymph glands (Fet n, 
1921). Some insoluble particles pass through the alveolar walls into 
the lymph channels without having been phagocytized by the wandering 
white cells (Drinker & Field, 1933). SoIk! particulate malerials, such as 
silica, asbestos and some forms of carbon, when present in appropriate 
quantities, may, however, be capable of <»ierting a noxious (fiWtic) local 
action in the interstitial areas of the lung and in the lymphatic tissues. 

Dissolved aerosols that reach the circulating Mood are juried in this 
manner to other vital organs. Some this material is excreted, mostly 

the kidnevi and the int^inal tract. Some accumulates in various 
specific oi^ans and teaches a level cf coi^entration that may exert a toxic 
actimi. Other poientially noxious agents are neutralized throu^ the 
body's protective nKChanisms. 

Except for the unusual effect of beryllium and its compounds, of radio- 
active materials, and po^Uy of manganese compoumte, systemic toxic 
effects among humans have not been reported from long-continued expo- 
sure to low levels of craimunity air fohuticHi. Furthermore, with the 
exertions of the incident at Poza Rica and of Haff disease, described 
above, the reports of acute air pollution episodes indicate that the damagit^g 
effect upon h^th was due to a local action on exposed membranes arid, 
when the r^piratory tract was affected in some susctptiYAe persons, this 
effect upon tl^ lungs led to a secondary adverse action upon the heart. 
Frcmi this finding, however, many believe thai it is dangerous to assume that 
sy s temic effect s from conmiunity air pollutants do not occur except for the 
three unusual situations (beryllium, radioactive isotopes, and manganese). 
Unsuspcct^ ^stemic changes may, perhaps, be revealed by newer and more 
refined methods <^ investiption only now being ex^ored. 

Even before a search is begun fcH* any systemic l^th effects due to air 
pollutants, however, research workers are looking for e^emx of ^rly 
change in the lung:;. Since experimoital animals ?.nd human volcinteers 
have demonstrated measuraUe changes of lung fun^ion due to the inha- 
lation of relatively low concentrati<ms of certain irritant gs^scs^ and boause 
of spme of the clinical obsen^tions of lung irritation found in acute episodes 
of air pollution, plans are now being made to study the lung function of 
people who are exposed to relatively low kvels of irritant conrntunity air 
pollutanU. For this purpose the precise prpde^ures of tte pulmonary 
physiologist are being modified for te^g p^pte in their communities 
(Comroe, 1950). In these instigations due consideration will be given to 
all other known factors that may give rise to functional changes of the lanp. 
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In these studies search will be made only ror physiological changes. 
Even if physiological abnormalities are found, their clinical significance will 
still be open to question. The margm of safety present in the normal 
respiratory system may be so large that althou^ functional impairment 
occurs it may not be severe enough to cause symptc«is of disease. It is 
reasonable to expect, however, that shou/i such relatively minor impair- 
ments of lung function be found, the ex'^a burden may be functionally 
- intolerable for some people— ^.g., those persons already burdened hy 
malfunction of the lungs or heart. 

The inadequacy of most techniques for the field observation of slight 
changes in lung function is magnified in the study of other organs. Pre- 
liminary studies of the eye irritation phenomenon on Lo5 Angeles, done 
with currently available techniqtKS, have yielded no objective evidence of 
injury. It seems that the protective mechanism provide by tl^ tear g^nds 
limits the irritation* Experimental woric h incfoated that the air^bome 
gaseous irritants that cause eye irritation pi itebly have their action inten- 
sifi^ by the simuttamous presence of aerosols almost always found in 
amUent air (Dautrebande, 19S0, 1951b, 1952). 

In recent months attempts have been made in Los Angeles to correlate 
both the occurrence and se^ty of human eye irritation with certain mea- 
surements of air pollutants. The many unmeasured psychological factors 
inherent in a iM'o^ui^ involving the subjective symf^om of Los Angeles 
eye irritaticm make the use of this technique of limited value (Renzetti 
& Gobran« 1957). An attempt is now in progress to measure these psycho- 
lo^l factors themsel^. Furthermore, because of the many unsolved 
problems involved in the subjective nature of the reply obtain^ from a 
person as to wh^her or not his eyes are irritated at a given moment of 
time, a search is currently being made for more objective tests. One of 
thOoost prcmiidng avenues being ex^dored for this purpose is the use of 
a di^eded ciliaiy nerve pivparation made from the eye and adn^ of a 
suitable animal. In this preparation, air-borne irritative chemical stimu- 
lation is applied to the eye surfatx and the ^ultant nerve impulse is 
measured electronically. If this procedure turns out to be a satisfactory 
one* for the low concentrations of the gaseous air pollutants that are known 
to be present in the Los Angeles ambient^ air, th^^^tl be po^iUe to 
(^rrelate those observations with the human subjective response. This 
procedure will attempt to provide a more objective standard. 

Further study of the systemk eifecU of air pollution is still in its eariy 
^ges, Tte studies that are being done are based partly on ibt concept 
that both the concentration aiki the time of exposure are signifkant factors 
in any kind of systemic pdsoning th?t may result from inhaled substances. 
From occupational disease studies it is known that there is generally a 
maxinuU amount that om may allow the worker to breathe with impunity 
Arch, uubistn HIth, 1956). As has been outlined previously. 
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these data, originating from studies of industrial exposures, cannot be 
safely applied to community air pollution. There has been only a single 
report, thus far, listing recommended safe limits of exposure for poten- 
tially toxic pollutants in community air (Riaznov, 1954). 

In order to clarify the subject of the systemic health effects of community 
air pollution, the following types of studies are being conducted: (a) com- 
munity health studies; (b) studies of groups of individuals for whom health 
records are available (having been collected for ottur purposes); and 
{c) labonitory investigations. In the community health studies, efforts are 
being direct^ towards the determination of the health patterns of com* 
munities, particulariy where the source of the pollutants can be easily 
traced, as, for example, to a single industrial plant. I>ata on sickness 
occurrence and sick^ss aggravation, as well as mortality data, will be 
measured against air pollution levels to determine if there are si^ficant 
correlati^is. Great care must be used in such studies to ensure that all 
possible etiological factors, other than air pollution, are also considered 
and appropriate corrections made of the data. Although correlations are 
being made between health data and fevels of air concentration of specific 
pollutants (and groups of pdlutants), we do not know with certainty that 
we are using the correct air pollutioA information for this purpose. For 
this reason we are exploring the feasibility of also using a series of broadly 
baswl indexes of air pollution levels. In developing these indexes for a 
community, the following comptex factors are included, all of which 
contribute to the level of air polluticn that may be reach^: type and size of 
industry, fuel consumption, weather, topography^^md^pulation density. 

War veterans on disability pensions for chronic disease of the heart 
or lunp, members of health insurance programmes aiid other groups for 
whom continuing health records are available are being studied for air 
pollution health effects: A serious problem in such investigations is created 
by the mobility of population, which makes difficult, i not impossible, 
the use of the place of residence of an individual as an indicator of exposure 
to air pollutants. Previous places of residence must also be taken into 
account, for we do not now know the length of time of exposure to low 
grade air pollution that may be significant in terms of health and disease. 
It is even possible that such exposure at certain times of life-^.g., infemcy— 
may be critically related to disease in later life. 

Although other orpin systems of the body are not being neglect^ in 
these investi^tions of community Health, primary..£Q^hasis is again being 
dira:ted towards the component parts of the respiratory tract because, as 
not^ above, significant irritation of exposed mucous membranes are very 
apt to occur in that system. It is also susp^rted that the heart may show 
significant changes as a secondary effect of lung Irritation. B^use of the 
tremendous reserve power present in both the heart and the lungs, however, 
we suspect that primary disease of those ^^rgans is ids likely tol)e found 
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in these studies than, possibly, evidence of aggravation of disease in persons 
whose hearts or lungs are already diseased. 

The laboratory investigations that are being made to elucidate the sys- 
temic as well as the local Irritative effects of air pollutants iire aimed pri- 
marily at providing us with Better techniques for discovering physiological 
changes in people. A second purpose of these studies is to provide us with 
information about mechanisms of action of the noxious agents. 

One set of laboratory investigations is devoted to the study of the in 
vitro effect of single air poUutants and groups of pollutants upon body 
enzyme systems. A second is devoted to studying the effects of such 
noxious agents upon ti^ue cultures and involves the observation of <»ll 
growth and multiplication, and ceU metabolism. Other laboratories are 
engaged in studying the effects upon suitable intact laboratory animals of 
known and suspect^ air poUutants, including ozone and other oxidants, 
sulfur oxides, organic sulfides, phenolic compounds and nitro*olefins. 
Some detailed laboratory investig^ions are being done on the evaluation 
of the carcinogenic potential of community air pollutants. Since the work 
of all these laboratories has been in progress for a short time, it is too early 
lo discuss their results. ~ 

Systemic effects 

Returning now to a consideration of the systemic health effects of air 
pollution, we find that among the agents that may cause such effects and 
are found as pollutants are the following: beryllium and its compounds, 
man^nese compounds, carbon monoxide, fluorides, radioactive isotopes, 
aeroallergens, carcinogens and insecticides^^^ — 



Bwylliimi 

Shortly after the appearance of the first published reports of the occui- 
rence of the specific chronic lung disease (chronic pulmonary granuloma- 
tosis) in pei^ns who had been exposed to beryllium and its compounds 
in their work even many years before (Hardy & Tabershaw, 1946), it was 
found that a few people living in the communities near the industrial plant 
developed the same disease (Chesner, 1950; Eisenbud et al, 1949; Gold- 
water, 1951) even though neither they nor any member of their households 
had a connexion with the plants. Although there were records of air 
pollution complaints of offenave odoui^ and of local irritative effects on 
exposed membranous surfaces (such as of the eyes, nose, throat, and 
tracheobronchial tree) due to factory air discharges, to our knowledge 
this was the first instance in the USA in which a characteristically specific 
systemic disease ascribable to air pollutants from industry was found among 
people not directly concerned with the factory operations. Among the 
sources of the beryllium compounds that contaminated the community 
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air, even though in minute quantities, were factories that were either 
extracting the metal from the ore or those that were handling compounds of 
beryllium used in the niaiiufactu r e of fluorescent electric li^t lamps. 

Mmn^uicse 

Prior to the first reports of the beryllium lung disease ca ses, there wa s 
a Norwegian report that pneumonia occurred with an unusually high fre- 
quency among people living near a manganese processing plant (Elstad, 
1939). In that report it was suggested that the increase of case frequency * 
was due to the inhalation of manganese compounds present in the ambient 
air as a result of the factory air discharges. In a r^nt report from Italy, 
there was suggestive confirmation of such a m^ical relationship between 
air-borne manganese compounds and pneumonia (Pancheri, 1955). It is 
difficult to be sure of the causal significance of man^0$s©3h this situation 
since the pneumonitis in these cases is very similar clinically to cases not 
associated with manganese as an^ttelogical factor. Such a difficulty does 
not arise in the case of the substance beryllium in relation to the disease 
for which it is responsible since the chranic beryllium lung disease i:. quite 
distinctive as a granulomatous lung condition. 

Carbon monoxide 

Carbon monoxide, an odourless and colourless that has its major 
origin in the incomplete combustion of carbonaceous materials, has long 
been known as a noxious inhalant that has its effects brause of a strong 
affinity for combining with the haemoglobin of the blood. Thus, it appears 
that carbon monoxide is noxious only by virtue of this combination that 
leaves le^ haemoglobin available to fulfil its normal function, the carrying 
of oxygen. When a suffici^t **mount^f carbon monoxide attacherinelf 
to the haemoglobin in the circulating red Wood^s, the effiect is that there 
is then less haemoglobin available to combine with oxygen, and this results 
in the reduction of the amount of oxygen available to the tissues. Although 
the danger from carbon monoxide inhalation under certain conditions, as 
in some occupations, has b^n recogni^ for some time, opinion is still 
divide as to the noxious significance of tUs gas in community air (Bloomfield 
& Ishell, 1928; Bull. N. Y. Acad. Med., 1926, 1931; Cambier & Marcy, 
1928; Connolly, Martinek & Aeberly, 1928; Drinker, 1938; Horentin, 1927; 
Gunn & Hitschfield, 1951; Ives et al., 1936; Kling, 1938; Regan, 1932; 
Saycrs & Davenport, 1937; Sie\^rs et al., 1942; Silverman, 1929; Stern, 
1945; Wilson etal., 1926). _This question has b^ome even more important 
in re^nt years h cause of the ever-increasing use of tlw automobile, which 
discharges ble amounts of the gas in the engine exhaust (Portheine, 

1954). It is that the concentrationsof carbon monoxidc^n city struts 

oftai reaci ^•ced 100 p.p.m., the amount generally considered as the 
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industrial upper limit of safety when exposure may continue for an eight- 
hour period (AM.A, Arch, industr, Hlth, 1956; Flury & Zemik, I93I; 
Henderson & Haggard, 1943). It is possible, however, that the levels of 
carbon monoxide that are reached in the streets may affect some especially 
susceptible persons, such as those already suffering from a disease associated 
with a decrease of oxygen-carrying capacity of the blood (e.g., anaemia), 
or those suffering from cardio-respiratory disease. The extra burden that 
is placed on the body by the reduction of the oxygen-carrying capacity of 
the blood induced by carbon monoxide may cause injury to vital organs in 
such persons. People who are already burdened by the presence in their 
blood of variable amounts of carbon monoxide because of tobacco smok- 
ing or possibly because of exposure in their occupations, may also be 
adversely affected by the extra amount of the gas that they may be required 
to inhale with the carbon monoxide-contaminated air. This is a subject 
that requires further exploration. 

By its very nature as a relatively non-cumulative poison and its mode 
of action in the organism (Henderson & Haggard^ 1943), it would seem 
that carbon monoxide can cause acute putsomnf ^ a result of exposure 
to high air concentrations of the gas, but not chronic poisoning due to 
^ong-continued exposure to relatively low concentrations. The possible 
exception to this statement may be found in the instances described above 
of persons who are already affected decreased oxygen*carrying capacity 
of the blood or by cardio-respiratory disease. Recently, however, the 
controversy has reopened as to whether or not this gas can cause disease 
from continued (or intermittent) exposure to the low concentrations present 
in the ambient air (Drinker, 193S; Grut, 1949; Lewey & Drabkin, 1944; 
Noro, 1945; Sumari,"1949; Symanski, 1942). Relatively strong evidence 
for the affirmative has come from Europe. In the USA, however, the more 
common belief is that chronic carbon monoxide poisoning " does not 
occur. 

Mention of the potential heahh hazard from carbon monoxide as a 
community air pollutant, and the fact that the automobile is one of its 
major sources, bring to mind the potential lead poisoning hazard from the 
combustion of the corapound t^* lethyl of lead that is present in most 
gasoline to the extent of about 3 . .i per gallon. ^ Studies of the air conta- 
mination from lead from this souice indicate that the amount present in the 
community air is minimal and probably has no clinical significance, espe- 
cially when it is, conHdered in the light of the amount of lead man obtains 
from food and water (Cholak, Schafer & Hoffer, 1950, 1952; England and 
Wales, Ministry of Health, 1930; Kehoe, personal communication, 1947; 
Kehoc, Thamann & Cholak, 1934, 1936; Publ Hith Bull (Wash.), 1926; 
Sayers et al, 1924; Valentine, 1936). It is possible that an oppo^te 
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conclusion may be reached from continued study of the problem in 
some selected places in the world. 

In a recent study of this subject the following interesting observations 
were reported : (a) in ordinary city driving the automobile exhaust contains 
only from 20 % to 60 % of the lead that it burns as the tetraethyl com- 
pound; (b) the lead appears in the exhaust ds PbCl.Br. and as complexes 
of that compound with ammonium chloride: (c) the particle size of the dis- 
charged lead compound varies from those of less than 0.01 to thos^^ of 
many millimetres, with about 5 % by weight accounting for the snrallcst 
particles; (d) at high speed, such as that which occurs on highways, the 
lead compound? in the exhaust gases are greater than the amount burned, 
the excess arising from the walls of the engine and the exhaust piping where 
it had accumulated during the period of slower city driving (Hirschler 
et al., 1957). 

The automobile engine is responsible for other air pollutants in addition 
to carbon monoxide and compounds of lead. In the section of this report 
devoted to a description of Los Angeles air pollution, it is noted that it 
is currently believed that the automobile is the major source of the pre- 
cursors of smog. That is to say that the automobile exhaust supplies the 
hydrocarbons and oxides of nitrogen to the air, and that these materials 
when acted upon by solar energy result in the production of materials 
tiiat bring about eye irritation, vegetation damage and air haze. That 
the autcHBobile engine also produces chemical substances which are known 
to be carcinogenic to experimental animak, and the^nificance of this 
fact to man, are discussed in a later section of this chapter. 

The subject of automobile engine exhaust gases and aerosols in relation 
to the entire air pollution problem is one that requires much more intensive 
study. Beginnings in this direction have been made in regard to the com- 
ponents of these exhausts, showing that the composition varies with many 
factors, including engine design, engine operation, engine maintenance 
and type of fuel used (Faith, 1954; Fitton, 1954). Plans are now being 
made to intensify long-range studies of the effects of these materials upon 
experimental animals. 

Fhiorides 

Fluoride compounds comprise another group of specific substances 
that are known to be present in the air of some communities and that 
may be significant to human health. The fluorides known to reach the 
ambient air range from those which are relatively soluble in body fluids to 
those which are virtually insoluble, and from the extremely irritant and 
corrosive hydrogen fluoride to relatively non-reactive compounds. Dis- 
charges of fluorides into the air have their major sources in the following 
tyres of industrial processes: artificial fertilizer manufacture, aluminium 
production and some forms of stezl production. 
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tt is clear that those fluorides which are chemically higWy reactive will 
be irritating to the exposed surfaces of the body (skin and some membranes) 
when they are present in the air in sufficient concentration. Exposures 
to such highly reactive fluorides are extremely rare. Less, however, is 
known about the effects on human beings of those inhaled fluorides that 
are not surface irritants and whose action, if there is any, depends upon 
their absorption by the blood from the lungs to act elsewhere in the body. 
The action of minute amounts of fluoride salts that are ingested in food 
and water, and possibly inhaled, during the period of life when the teeth 
are developing, is not germane to the problem of air pollution. It is suffi- 
cient to note that such teeth are less prone to decay. The significance, 
however, of the effect of the ffuorides upon bones and joints at all other 
times in the life of man is stiii a matter of controversy (Agate et al., 1949; 
Green, 1946; Greenwood, 1940; Kilborn, Outerbridgc & Lei, 1950; Largent, 
1950; Roholm, 1937). The fact that adverse health eff^ects due to ffuorides 
have been shown to occur in animals that graze in the vicinity of factories 
discharging ffuorides into the air does not signify that a similar action can 
be expected in people living in the same neighbourhood. Among the cogent 
reasons for this is that the grazing animal probably obtains the greater 
portion of ffuoride from eating ffuoride-contaminated vegetation and from 
drinking grossly ffuoride-contaminated water. It has been shown, for 
example, that whereas forage originating in areas in which the air is known 
not to be contaminated with fluorides may contain as little as from 2 p.p.m. 
to 75 p.p.m. o^ the fluoride residual, expressed as fluorine, similar forage, 
grown in areas where fluoride is known to exist as an air pollutant, often 
has as much as 500-1000 p.p.m. of the fluoride (National Academy of 
Sciences, 1956). 

Radioactive isotc^ 

This discussion of radioactivity, since it applies only to the problem 
of air pollution, is limited to a consideration of radioactive materials that 
may be present in the air as gases or aerosols which emit such ionizing 
radiations as alpha and beta particles, gamma rays, neutrons and other 
high energy quanta. From the point of view of current use, possibility of 
adventitious formation, and quantities available, the most important radio- 
active isotopes that may conceivably reach the ambient air, and are gene- 
rally available in compounds rather than as elements, include iodine-131, 
phosphorus-32, cobalt-60, strontium-90, carbon-14, sulfur-35, calcium-45, 
gold-198, radium-226 and uranium (US National Bureau of Standards, 1953). 

Although it is true that man has been exposed to ionizing radiations 
from radioactive isotopes and other sources since the beginning of his 
history, only with the discovery of the existence of natural radioactive 
isotopes and of their production by man, and especially with the develop- 
ment of the atomic reactor, have these radiation sources become of real 
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importance by nature of their sudden increase in amount. In view of the 
world's need for new sources of energy, and for other obvious reasons, the 
isotopic sources of radioactivity are likely to continue to increase in amount. 
The potential sources of radioactive air pollutants are: (a) the increased 
removal of soil and rock overburden that lies over many natural under- 
ground radioactive deposits; (b) the settling out from the upper reaches 
of the atmosphere of radioactive aerosols that had their origin in the 
detonation of radioactive weapons' (radioactive fali-out); (c) medical and 
scientific use of radioactive isotopes; (d) agricultural and industriU use of 
radioactive isotopes as tracers; {e) research and commercial power reactors; 
and (/) experimental accelerators. Exposure to radiation from materials 
arising from these sources, with or without exposure to radiation for clinical 
purposes, can cause tissue and organ injury unless suitable precautions are 
taken. It is emphasized that the biologicar effects from such radiations, 
re^rdless of their sources, are cumulative. 

The possible radiation effects of these noxious materials, and the degree 
of delay in their manifestation, are varied and depend upon such factors 
as the amount reaching the l>ody, their chemical and physical nature, 
their locus of initial contact with the body, their radioactive half-lives, the 
kind of radioactivity that they emit, the level of energy of the radioactivity 
that they emit, and, finally their movement and metabolism within the 
body and their excretion^ rates (Anderson et al., 1947; Bloom. 1948; 
Bugher, 1957; Cowan, Farabee & Lowe, 1952; Hamilton, 1947, 1948; 
Hunter & Ballou. 1951; Hyde, 1906; Marinelli, Quimby & Mine, 1948; 
Morgan, 1949; Skipper, Nolan & Simpson, 1951 ; Voegtlin & Hodge, 1949). 
Among the more important health effects described as being caused by 
radioactive isotopes are the following: blood abnormalities, including 
anaemia, leukaemia, leukopenia and haemorrhagic diseases (Browning, 
1949; Cronkite et al., 1955; Cronkite, Bond & Durham, 1956; De Bernardi 
& Lendini, 1953; Fletcher, 1954; Henn & Leibetseder, 1955; Jacobson & 
Marks, 1947; Jacobson, Marks & Lorenz, 1949; Looncy et al., 1955; 
Lorenz & Congdon, 1954; Lynch, 1951; Moshman, 1951 ; Peller & Pick. 
1952; Snell & Neel, 1949; Tsuzuki, 1955); skin changes, including erythema, 
atrophy, ulceration, pigment changes, temporary and permanent alopecia 
and cancer (Cronkite et al., 1956; EUinger, 1951; Knowlton et al, 1949: 
Moritz & Henriq^es, 1952); bone changes — bone necrosis and bone sar- 
coma (Andrews, 1955); thyroid changes — lowered thyroid activity (Warren, 
1956); gonad changes— genetic effects and varying grades of sterility 
(Warren, 1956); embryo effects— congenital malformations (Warren, 1956); 
and lung changes — fibrosis and can^r (Andrews, 1955; Davies, 1952; 
Eisenbud & Harley, 1953, 1955; Warren, 1956). 

The recognition of the health hazards from radioactive isotopes that 
may contaminate the ambient air has led to the institution of controls 
at the possible sources. These control measures have apparently been quite 
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successful, with the rare exceptions of some scattered incidents that occurred 
in a few remote locations (Arnold, 1954; Cronkite et al., 1956; Kimura, 
1954; Lapp, 1954, 1955 a, b, c, 1956; Ravina, 1954; Tsuzuki, 1955; 
Yamasaki & Kakehi, 1954). it appears, therefore, that adverse health 
effects from this kind of air pollutant have been kept to a minimum. The 
only important subject in which opinion on tins point is divided is that of 
the possible genetic effect (Muller, 1955). 

AUergeok tgente 

There is general recognition by the health professions that the air we 
breathe is the natural earner of living and dead solid and liquid microscopic 
organic materials which may act as allergens. The human tissue reactions 
to such allergens occur predominantly in the skin and the respiratory 
tract. When the reaction takes place in the respiratory tract, the mucosa 
of the nasal cavities and the involuntary muscle tissue of the bronchioles 
are particularly aff«:ted (Cooke, 1947). These organic allergenic materials 
have their origins in living things, be they plants, yeasts, or mould^, or in 
animal emanations such as danders, hair, fur, of feathers (Bcrnton, 1923 ; 
Bemton & Thorn, 1933; Brown, 1936; Cadham, 1924; Cooke, 1947; 
Feinberg & Little, 1935; Figley & Flrod, 1928; Hopkins, Benham & 
Kestin, 1930). Certain industrial operations may aAl to this allergenic 
community air load; such operations include baking, cotton milling, fur 
processing, hair processing, carpet making, felt hat making, feather pro- 
cessing, flour milling, jute processing, leather processing, rope making, 
castor bean processing, shoe making, soap making, woodworking and 
tobacco proce^ing (Dublin & Vane, 1942). 

Although industrial operations contribute to the problem of air-borne 
allergens, the size of that contribution is relatively small when considered 
in relation to the problem as a whole. Air-borne allergens are primarily 
of natuml origin. That is to say, allergic disease resulting from aero- 
allergenic materials is mostly not .lan-made and, therefore, is controlled 
with much more difficulty than if it were created by man. As would be 
expected the chemical nature of these naturally produced noxious materials 
is very complex, consisting of compout^ of very high molecular weight. 
In some of the man-made situations that cause allergic reactions or possibly 
conditions simulating allergic reactions, the chemical nature of the agents 
involved turns out to be relatively simple (Morris, 1956). 

Sulfur dioxide gas has been described as inducing such an allergic 
reaction (Cooke, 1934; IX>wling, 1937; Romanoff, 1939). What is sur- 
prising, however, is the paucity of reports of such complaints id the light 
of the large number of persons potentially or actually exposed to this gas 
in their normal living. Probably what occurs more frequently with expo- 
sure to sulfur dioxide is a hyperirritability of the bronchial mua>sa, deve- 
loping after eariier exposures to the ^s, which results in an exaggeration 
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of the normal reaction to relatively low doses of the gas. (It is noted 
else^vhere in this review that repeated inhalation of this gas may also lead 
to an apparent resistance to its irritant action.) There is also the possi- 
bility that the micro-organisms usually present in the respiratory tract will 
find that the gas-injured mucosa serves as an excellent nidus for an increased 
rate of reproduction, and that this overproduction leads not only to severe 
infections but also to an allergic response to the absorbed proteins derived 
from the micro-organism. 

Using animals (Amdur & Mead, 19SS) and human volunteers, experi- 
ments have shown that inhalation of low concentrations of sulfur dioxide 
results in a spasmodic tightening of the bronchioles that generally goes 
unrecogni^ in non-experimental situations. This is generally a simple 
reflex reaction to an irritant gas. It is possible that this latter mechanism 
was the immediately precipitating factor in the fatalities that occurred 
among bronchial asthmatic and cardiac patients in both the Meuse Valley 
and Ddnora episodes. In those cases such bronchiolar spasm could have 
resulted in an aggravation of an existing serious defect in respiratory 
gas exchange. The significance to humai^i or the bronchiolar constriction, 
when it is not associated with existing cardio-respiratory disease, is not 
clear. It probably results in decreased efitciency of lung funciion. However, 
the normal cardio-respiratory reserve is so great that the effect of the 
spasm is generally noC not^ by the subject. Even the medical observer 
will not note that it exists unless special techniques are used to elicit the 
fact. This is a subject which needs careful study with suitable instrumentation. 

Beryllium, in the form of its compounds, is a substance that is said to 
cause its peculiar pulmonary granulomatous reaction (Hardy & Tabei^haw, 
1946; Machle, Beyer & Gregorius, 1948) as the result of an allergic response 
to its inhalation (Etsenbud, Berghout & Steadman, 1948; Eisenbid et al., 
1949; Sterner & Eisenbud, 1951). Finely divided metallic cobalt, by virtue 
of the fact that its inhalation in man is associated with a lung disease 
that is roentgenographically similar to that due to beryllium, is also 
considered as a possible cause of the same type of allergic manifestation 
(Miller et al., 1953). We know of no case reports of cobalt lung 
disease occurring among persons outside of the industrial establishments 
themselves. 

The commercial fur dye, paraphenylenediamtne, is an allergenic agent 
capable of causing dermatoses in addition to bronchial asthma (Heimann, 
1942; Mayer, 1929; Mayer & Foerster, 1929; Rich, 1924; Silverberg & 
Heimann, 1941). In view of the manner in which this dye is commercially 
used, the possibility of its appearing in the ambient air outside of the fur- 
processing institutions is a real one, although we have never seen reports 
of such cases. 

Factories pro^sstng the castor bean for the extmctton of the oil dis- 
charge a powdery material into the air that is a strong allergen. This 
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material has been the cause of bronchial asthma in people living near the 
factories (Bcmton, 1923; Figlcy & Elrod, 1928). 

More important than these unusual situations in the study of air pol- 
lution is the strong probability that air pollutants ordinarily consider^ as 
irritants for exposed membranes may, under some special circumstances, 
act as the stimulating agents for the allergic response in susceptible persons 
(Cooke, 1934; Romanoff, 1939). This concept may also include the phe- 
nomenon wherein the chemically highly reactive air pollutant combines 
with body proteins, and the newly formed complex then acts as a true 
allergen (Burrage et a!., 1956; Landsteiner, 1945). An interesting case in 
point is the syndrome termed Yokohama asthma,_'la clinical entity that 
recently occurred in and about Yokohama, Japan. In ttAs instance a number 
of people living in the area developed bronchial asthmatic attacks when 
they were exposed to the industrially polluted air of some Japanese cities, 
including Yokohama. They had no attacks when they were removed from 
the communities in question (Hubcr et al., 1954). 

Cardoogenic agents 

Exposures to specific occupational situations have long been known to 
induce human cancer in susceptible individuals (Ask-Upmark, 1955; Baetjer, 
1950;Brockbank, 1941 ;Cruickshank& Squire, 1950; Flinn, 1931 ;Gehmiann, 
1954; Gross & Alwens, 1940; Heller, 1950; Hoffmann, 1931: Hueper, 1942, 
1954; Machle & Gre^rius, 19^; Mancuso, 1951; Peller, 1939; Pott, 1775; 
Shapiro et al., 1953; Snegireff & Lombard, 1951; Spitz, Maguipn & 
Dobriner, 1950; Warren, 1942), and it is reasonable to expect that the 
specific oiusative ^^ignical and physical agents are present outside the res- 
pective work*pl|^|Hn the community ambient air, and in this manner 
affect persons other than the workers concerned. Of course, the amounts 
of the culpable agents that escape from the work-place are small (Bourne 
& Rushin, 1950; Hueper, 1957a, b; Mancuso & Hueper, 1951). However, 
even though the amounts of known potential carcinogens found in the 
outdoor air may be very small, the significance to man of even these amounts 
may be considerable, since the human lifetime exposures are of a high order 
of magnitude (Blacklock et al., 1954). 

But the carcinogenic substances that come from industrial sources are 
not the only agents responsible for the cancer problem associated wHh 
air pollution. For instance, the polycyclk: organic compound, 3,4-benz- 
pyrene, well known as a potent carcinogen for experimental animals 
(Hartwell, 1951), and considered as a standard by which carcinogenicity 
of other chemical agents is measured, has been found in the air of many 
communities (Cooper, 1953; Cooper & Lindsay, 1953; Dikun, Shabud & 
Norkin, 1956; Falk & Steiner, 1952; Sterner, 1954; Waller, 1952). In 
addition to this agent, other similar organic compounds of varying card* 
nogenic potency have been found in the air (Kotin, Falk & Thomas, 1955). 
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It has been reported that this group of compounds, and particularly 3, 
4-benzpyrene, is present in urban air in appreciably larger quantities than 
in rural air (Stocks & Campbcl!, 1955; Waller, 1950, 1952), These com- 
pounds have their origin in the incomplete combustion of hydrocarbons 
and other carbonaceous materials, a common occurrence since such com- 
bustion very often does not reach completion — i.e., form carbon dioxide 
and water— unless special efTorts are exerted toward this end. In fact 
there was recently reported the successful experimental production of 3, 
4-benzpyrene, as well as related polycyclic organic compounds, from the 
incomplete burning under suitable conditions of even simple, short, straight- 
chain hydrocarbons (Tebbens, Thomas & Mukai, I956a,b). Such poly- 
cyclic materials have been shown also to be present in biologically signincant 
quantities in exhaust discharges- that come from the internal combustion 
engine, bo h Diesel and gasoline, when operating under suitable conditions 
(Commins, Waller & Lawther, 1956; Fitton, 1956; Kotin et al., 1954; 
Kotin, Falk & Thomas. 1954, 1955; Mills & Seipp, 1955). 

Fortunately for man, these carcinc^ens ate not highly stable, being 
destroyed at variable rates by other air constituents and by sunlight. Their 
potential for harm, however, cannot be denied, for the duration of time of 
their integrity in the ambient air is appreciable, long enough to be of possible 
significance (Kotin, Falk Sc Thomas, 1954^. It has even been noted that 
some of the non-carcinogenic compounds in the air may act as adjuvant 
agents for the carcinogens by carrying the latter to the target tissue (Kotin, 
1957). Note, however, must be taken of the strong variation in species' 
susceptibility to carcinogens, even among experimental animals. As 
Hartwell (1951) states: "It is, therefore, dangerous to attempt to carry 
over without reservation, to man, conclusions based on animal experiments.'' 

In addition to the air-contained polycyclic organic compounds that 
are known to be carcinogenic when appropriately supplied to suitable 
species of experimental animals, it is reported that the air may carry certain 
aliphatic hydrocarbons that also are carcinogenic (Fieser et al., 1955: 
Hendry, Homer & Walpole, 1951; Kotin & Falk, 1956; Kotin, Falk & 
Thomas, 1956). 

In the animal experiments in which the vartot^ carcinogenic chemicals 
are used, the tarpt tissue that responds with a malignant cancer growth 
may be in the respimtory tract or it may be at anothei site. In connexion 
with the fact that respiratory tract cancer has been experimentally produced 
by these materials, and the strong current belief that these materials are dis- 
charged into the air in larger amounts in recent years as a result of urbant- 
ration and industrialization, it is noteworthy that recent epidemiological 
zeports have shown that human lung cancer frequency has been steadily 
increasing over many areas of the world, especially in urbani^ industrial- 
ized communities (Clemmesen & Busk, 1947; Doll, 1953; Dorn, 1953; 
Kreyberg, 1954; Phillips, 1954). The possible causal relationship of tobacco 
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smoking to this increase is receiving world-wide attention, as the voluminous 
literature on the subject attests (Breslow et al., 1954; Clemmesen, 1954; 
Clemmescn, Nielsen & Jensen, 1953; Cornfield, 1951; Cutler & Loveland, 
1954; Doll & Hill, 1952, 1954; Gscll, 1951; Hammond. 1954; Hammond & 
Horn, 1954; McConnell, Gordon & Jones, 1952; Mueller, 1939; Nielsen 
& Clemmescn, 1954; Oberling, 1954; Ochsner et al., 1952; Sadowsky, 
Gilliam & Cornfield 1953; Schrek et al., 1950; Wynder, 1952; Wynder 
& Graham, 1950). The subject of tobacco smoking and its manifold possible 
h(;a1tb effects, although involving a problem of personal " air pollution, 
falls outside the province of our immediate consideration, except in so far 
as the smoke so produced adds to the pollution of the air breathed by 
bystanders. Of some importance in connexion with tobacco smoking is 
Ihe recent report suggesting that if cigarette smoking does, in fact, contri- 
Tute to the increased frequency of human lung cancer, it cannot account 
for all of that increase (Eastcott, 1956; Hyde, 1906); urban air pollution, 
it is argued, also contributes to the frequency of the disease (Hueper, 1957b; 
Stocks & Campbell, 1955). Thus it would appear that in human cancer, 
as in other disease, we often deal with conditions that have multiple caus- 
ation, such multiplicity being operative both when the disease is considered 
as a mass human phenomenon and when it oa:urs in an individual. 

Currently in progress is a study of the carcinogenic potential of parti- 
culate air-borne material collected from some urban areas. These urban 
centres are known to have widely varying rates of lung cancer incidence. 
By testing the carcinogenic potential of the air pollutants, it is expected 
that a link will be added to the chain of evidence of the possible causal 
relationship between air pollution and human lung cancer. 

The respiratory tract (and specifically the lung) is not the only body 
area that may show cancer development as a possible result of sp^ific air 
pollutants. The skin may be a target through direct contact with the poten- 
tial carcinogen {Brockbank, 1941 ; Cruickshank & Squire, 1950; Pott, 1775; 
Schrek et al., 1950). Less well appreciated is the concept that carcinogens 
impinging originally on one body surface may be transported through the 
circulating blood and act upon a target tissue elsewhere in the body (Copp, 
Axel rod & Hamilton, 1947). * 

In this section of the review we^have stressed the point that air pollu- 
tion may lead to cancer in humans. There is, however, one aspect of air 
pollution that could militate against cancer induction. This is the modi- 
fication of solar rays caused by air pollutants. The potential of the ultra- 
violet light from the sun to induce cancer is generally accepted by epi- 
demiologists (Dubreuilh, 1907; Hofmann, 1931 ; Hueper, 1942; Hyde, 1906; 
Lawrence, 1928; Molesworth, 1927; Mountin, Dorn & Boon^, 1939; 
Roffo, 1933; Shapiro et al, 1953). The presence in the ambient air of 
pollutants that screen out these harmful ''ays, thus reducing this risk from 
sunlight, is discussed elsewhere in the report. 
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IiuecHcides 

The use of special sprays and dusts to destroy insect pests (and, to ^ 
lesser extent, the chemical agents that destroy unwanted vegetation) is an 
accepted practice in many countries. The insecticides are generally dis- 
seminated in the air to attack flying insects and, in some cases, the active 
ingredients have their effect only after they settle on fixed objects, such as 
vegetation, where they may come into contact with the insects. In either 
case the ambient air is purposely polluted with a material that is known to 
be noxious for insects and that may also be poisonous for man. 

The recent introduction into agricultural practice of the potent organic 
phosphorus agents and the chlorinated hydrocarbon compounds has 
created a potentially serious air pollution problem in fanning areas. Among 
the better known organic phosphorus insecticides are parathion. TEPP, 
and malathion. The chlorinated hydrocarbon group includes chlordane, 
DDT, and dieldrin. All these materials are toxic for man and must be 
used with caution. 'The organic phosphorus insecticides can be absorbed 
in toxic amounts by the skin and the eye membranes, as well as by the 
longs. They cause an irreversible inhibition of the enzyme cholinesterase, 
and as a result large quantities of acetylcholine accumulate in the body. 
This acxumulation of acetylcholine accounts for the majority of the symp- 
toms observed in people exposed to these Compounds (Rowher & Haller, 
1950; Sumerford et al., 1953). The chlorinated hydrocarbon insecticides 
do not all have the same type of toxic effect in man. They can affect the 
central nervous system or they may attack other vital organs (US Depart- 
ment of Health, Education & Welfare, 1956). 

When the dangers of these poisons are recognized and appropriate 
steps are taken for control, cases of poisoning from this in&ntionally 
induced air pollution need not occur. 

■% 

Some Special Problems 

There are some special problems of air pollution health effects that 
do not fall into the categories presented above. These include {a) the 
effects of sunlight upon air pollution and the eflfects of air pollution upon 
sunlight; {b) dust storms; (r) ingestion of air pollutants; and (^0 odours. 

Sttiillght 

In considering sunlight in relation to air pollution there are two matters 
that require evaluation: {a) the effect that air pollutants have on the ability 
of the sun's rays to reach man on the surface of the earth, and {b) the modi- 
fying effect t^iat the rays exert upon the pollutants. (This review will omit 
consideration of the part payed by air pollution in reducing the amount 
of effective sunlight reaching vegetation.) 
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There is ample experimental evidence that sunlight is sharply reduced 
by air pollutants because of their screening action (Ashworth, 1931 ; Blum, 
1952;Clelland, Gumming & Ritchie (1952); Drinker, Thompson & Choate, 
1930; Hand, 1949; Ives, 1933;MacGregor, mi \ Nature (LomL), IP09; PubL 
HUh Rep. (Wash,). 1930; Safety Engn^, 1946; Tonney, Hoeft & Somers, 
1930). The screening effect is especially marked for those ultraviolet rays 
whose wave-lengths measure between 2970 A and 3020 A, the rays that 
have special significance as antirachitic factors (Ashworth, 1931; Barrett, 
1935; Blum, 1952; Drinker et aL, 1930; Schrader, Coblentz & Korff, J929), 
It is noted, however, that clothing also serves to prevent these rays from 
contacting the skin, which they must reach in order to have the effect of 
changing the precuiwr to antirachitic vitamin D. It is doubtful, therefore, 
that the loss of ultraviolet rays due to air pollution generally needs to be 
considered of moment in regard to the prevention of rickets. 

The loss of ultraviolet light, however, may be of important when its 
bacteriostatic and bactericidal powers are con^ ?*red (Bayne-Jones & 
Van der Lingen, 1923; Del Mundo & McKhann, 1941; Gates, 1930; 
Higgins & Hyde, 1947; Miller et al., 1948; Ronge, 1948; Wells, 1955; 
Whisler, 1940). The significance of this in relation to the ecology of man 
is not known since the noxious effect of these rays would not be expected 
to affect all micro-organisms equally and certainly could not be expected 
to attack only the pathogens. Air-borne micro-orpnisms, as well as 
those lying on the surface of the body's airways, may also be directly 
affected by the active chemical air pollutants themselves. The effects of 
both sunlight and air-borne chemicals upon baclpp and viruses are open 
to further investigation (Fincke, 1883; Holman, 1913). 

The decrease of sunlight caused by air pollution may have a significant 
effect upon man's well-being by adversely affecting him psychologically, 
causilig a sense of depression in susceptible individuals (BulL N. Y, Acad. 
Med.. 1931 ; Qark, 1929; Opie, 1921 ; Stoner, 1913; WaHin, 1913; Winslow 
& Herrington, 1935), The full significance of this possibility is not known 
at the present time. 

The decreased light and the haziness of the air due to air pollutants, 
particulariy those occurring over urban areas, has added a problem to 
aviation, for they result in decreased visibility and the obliteration from 
view of familiar landmarks. Such a loss of visibility can extend even to 
ground level, create an extra hazard for automobile tiaffic as well and lead 
to an increased number of accidental injuries. 

It has already been noted that sunlight can chemically modify air 
pollutants. This is particulariy significant in relation to the oxidant type 
of pollution, since the sun's rays may bad to the production in the ambient 
air of an irritant gas from a non-irritant one (Haagen-Smit & Fox, 1954). 
This type of photochemical change is involve in the reaction between 
air-borne hydrocarbons and the oxides of nitro^n, both believed to have 
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their major source in the exhaust gases from automobiles. So very impor- 
tant IS this matter considered in Los Angeles, for example, that serious 
efforts are being directed to deal with this highly specialized problem of 
automobile exhausts. For this purpose consideration is being given to 
three possible avenues of approach : (a) change of the motor fuel; (b) change 
of the engine; and (c) chemical alteration of the automobile exhaust gases 
after they have been formed in the engine. 

Air-borne sulfur dioxide can also be oxidized, so that the dioxide is 
changed to sulfur trioxide, the sun providing the energy for the reaction 
(Johnstone, 1952). Other factors are undoubtedly concerned with this 
chemical change. 

A peculiar phenomenon that may occur with the loss of solar energy 
caused by air pollutants is the intensification of the degree of pollution. 
This may occur by virtue of the fact that the decrease of sunlight causes 
intensification of the weather inversion that probably originally led to the 
initial accumulation of the pollutants. 

Dust storms 

On ocoision man is forced to breathe air contaminated with large 
amounts of dust having its origin in the soil. This situation arises when 
heavy winds are combined with the presence of a very dry soil, such as 
occurs after a drought, to cause a dust storm. Such a dust storm occurred 
in the west-central portion of the USA in 1 935, and the human health 
significance of the phenomenon was studied (Brown, Gottlieb & Laybourn, 
1935). On the basis of a study of the morbidity and mortality fiords of 
the area, it was determined that acute respiratory disease frequency increased 
sharply during and shortly after the dust-laden air developed, and this 
was interpreted as having been caused by the siliceous dust that acted as 
a mechanical irritant to the mucosa of the respiratory tract. No unusual 
pathogenic organisms were found in the dust per se in that investigation. 
However, in connexion with the recent occurrence of a tornado, it was 
found that human skin sensitivity tests with appropriate doses of histo- 
plasmin showed a marked rise in the frequency of positive " reactions 
among those who had been in the vicinity of the storm (Manos, personal 
communication, 1957). This could be interpreted as signifying that the 
organism causative of the disease histoplasmosis was spread by the air- 
borne materials in the tornado to many persons who had been uninfected 
previously. 

Studies carried out among dwellers in the Sahara Desert in North 
Africa, who are exposed to desert sand storms, have shown that, although 
the sand blown about by the wind was made up mostly of free silica (silicon 
dioxide), silicosis was not found among the exposed population (Policard 
& Collet, 1952). Post-mortem studies indicated that appreciable amounts 
of silica particles, however, were present in the lung* These particles were 
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located along the arterial trunks; but nodules characteristic of silicosis 
were absent. " One explanation offered for this finding was that the silica 
grains from the desert sand were " old " particles and that only freshly 
fractured silica particles can induce the typical silicotic pulmonary nodule 
(Bagnold, 1941; Briscoe, 1949; Briscoe, Matthews & Sanderson, 1936-37: 
Clelland et al., 1952: Dempster & Ritchie, 1952; Heffcrnan* 1935. 1948; 
Policard, 1949; Wilson & La Mcr, 1948). 

IfigestHHi of air pollutants 

In the Meusc Valley, Donora and London episodes nausea and vomit- 
ing occurred as symptoms among some of the affected individuals. Al- 
though the mechanism for the production of these symptoms could have 
been one of many, thf specific one involved was not clarified in the reports 
and analyses of the episodes. It is possible that cough itself, a very common 
symptom among the ill persons, may have been of such severity that it 
induced nausea and vomiting. The reaction could have been due to a 
reflex response of the vomiting mechanism to an irritation ofthe mucosa 
of the tracheobronchial tree by air pollutants* It is also possible that the 
passive movement of secretions from the tracheobronchial tree, induced 
by coughing as well as by the ciliary action, may have accumulated enough 
of the irritant material so that signiilcant contact occurred with the sensi- 
tive mucosa of the posterior portion o< the throat, and this in turn resulted 
in nausea and vomiting; or that the mucus itself present in the throat 
caused the symptoms. Finally, particulate air pollutants, with or without 
adsorbed irritating gases, that arc screened out in the nose and throat may 
have been swallowed and the irritative response of the gastric mucosa to 
those substances was the cause of nausea and vomiting. In connexion 
with the last hypothesis, it is of interest to note that animal experimental 
work with inhalation of the sulfur oxides has shown that gastric irritation 
can o<xur to the extent of even producing mucosal haemorrhage* 

The swallowing of potentially toxic material that has its source in air 
pollution may take place not only from the pollutants that are arrested 
in the nose and throat but also from the ingestion of water or food that 
has been exposed to the settling of air-borne particles. Reference is made 
at this point to another section of this chapter, which discusses the effect 
of the ingestion of fluorides by cattle and in which it was noted that the 
animals obtained much of the fluoride by ingestion rather than through 
inhalation. The ingestion of noxious materials from the settling of air 
pollutants may be of importance particulariy in regard to the extremely 
noxious poisons, such as some radioactive isotopes. The likelihood of 
simple irritant injury is not very great from ingestion of air-borne acidic 
matter in view of the fact that the gastric juices themselves are generally 
highly acid. It is likely that systemic poisoning from the gastro-intestinal 
tract absorption is of greater importance. 
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Rain and snow wash materials out of the air, some being dissolved 
in the aqueous medium (Blanchard, I9S0; Gunn & Hitschfield, 1951; 
Langmuir, 1948; McCully et al., 1956). The v^^^er tion seeps into 
the soil, from which it may be absorbed h .h • getation. The 
ingestion of such contaminated vegetation lals or by man may 

cause ill health if the material in solution is of a noxious nature. Some 
of the contaminated rain-water or melting snow may reach acceptable 
potable water supplies and create a health hazard from that source. It 
has been suggested that, jn addition to the generally salubrious effect of 
rain as a scavenger of air pollutants, the pollutants may actually modify 
the occurrence of precipitation of moisture from the air (Gunn & Phillips, 
1957). 

There are some metallic elements which, although present in the body 
in exceedingly small quantities, may still be significant to the health of man. 
Food ingestion accounts for the major portion of the body content of 
these elements. A portion, however, may have its origin in air contamina- 
tion, reaching the ,body through inhalation or ingestion (Chambers, Foter 
A Cholak, 1955; Gibson & Selvig, 1944). Some of these metallic elements 
arc known to be involved in enzymatic reactions and other vital body* 
functions (Kleiner, 1951). The importance of the others to the health of 
man is not clear at this time. Only recently have analytical methods been 
developed for the study of the presence of the minute quantities of these 
metals in tissues (Butt et al., 1954; Koch et al., 1956; Tipton, 1956; Tiptcn 
ct al, 1957). 

Odours 

The ordinary man relies mainly on his senses of sight and smelJ to 
inform him of the presence of pollutants in the air that he breathes. Smell 
is especially important in this regard. However, it is unsatisfactory to 
depend upon smell as an indicator of the possible dangers in the air we 
breathe since many noxious gases and aerosols huve no odours at all and 
the odour threshold of others may be relatively high. Of the gases and 
vapours whose odour thresholds are low, some may be toxic and others 
may be innocuous. Toxic gases and vapours do not necessarily have a 
disagreeable odour. 

At times the ambient air is permeated with odours that are not a^o- 
ciated with toxic ^ses. Man may find such odours objectionable on aesthetic 
gro!mds--an unhealthful situation in itself because this makes him uncom- 
fortable and may induce nausea and vomiting. In such cases steps are 
taken to remove the offensive smells. Although there are many basic 
principles involved in odour removal (Turk, 1954) we shall consider only 
those that may be involved with health effects. Where it is possible to do 
so, the source of the odours should be removed by whatever suitable method 
is available. Another procedure is to use harmless masking odours that 
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man considers more tolerable. It is also possible to introduce materials 
into the air that result in anaesthesia of the Sense of smelK so that the 
undesirable odours are not perceived. When either of the latter proce- 
dures is instituted to mask odours that emanate from noxious agents, it 
can be harmful, for it removes the signal of warning supplied by the 
first odour (McCord & Witheridge, 1949; Weaver, 1950). When agents 
that are anaesthetic to the organ of smell are introduced into the air they 
may themselves cause reactions of a toxic nature. 

Discussioa 

It is apparent from the foregoing that an appreciable amount of know- 
ledge exists about the effects of community air pollution upon human 
health. This knowledge comes in part from direct studies of the air pollu- 
tion health problem and in part from investigations done for other purposes. 
It is equally apparent that there are many aspects of the subject of the health 
effects of air pollution on which sound information is lacking. Many 
years undoubtedly will pass before we have the answers to all the questions 
involved. 

Man-made air pollution could be entirely eliminated, but the price 
that civilization wouki be required to pay for this would be exorbitant by 
any standards, whether monetary or otherwise. It is unreasonable to 
contemplate that we could put a stop to all combustion, the chief source 
of man-made air pollution. It is logical, however, to consider that the 
clarification of the air on a qualitatively and quantitatively selective basis 
is feasibb and, in some cases, highly desirable. This can be done, for ex- 
ample, by selectively arresting the contaminants at their source. 

If we should contemplate the clarification of the air on a selective basis 
in the interests of safeguarding human heMth, then it must first be clearly 
demonstrated that there are specific air pollutants (or specific mixtures of 
air pollutants) that can cause or are causing ill health. We shall also need 
to know the sources of these culpable pollutants. When we are in possession 
of these two sets of facts, we shall be in a position to balance the importance 
of the health effects against the economic and other costs required to achieve 
air clarification. Again it is emphasized that the air that one breathes need 
not be in a pristine state for the purpose of maintaining good health. Not 
only is the kind of adulterant present significant, but the amount present 
is of even greater importance. We must have knowledge of the levels 
of concentration of air contaminants that we may breathe with safety. It 
will undoubtedly require a long time before this necessary information 
becomes available in a scientifically acceptable form. 

In the meanwhile one comprehensive report on this subject has appeared. 
In this report there are presented the maximum allowable concentrations 
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for community ambient air of a series of potential air pollutants. However, 
since the data are not based primarily on the possible health effects of the 
pollutants in question but rather upon economic and aesthetic effects, the 
figures quoted do not serve our immediate purpose (E^azonov, 1954). 

As we await further information, some attempts have been made to 
cope with the air pollution problem, using the few data that exist. In some 
of the localities in which there were acute crises of air pollution, measures 
were instituted to prevent recurrences. The authorities in London and Los 
Angeles are still studying how to deal with their own particular situations. 

Even larger is the problem of assessing air pollution health effects in 
localities in which acute episodes have not been recorded. In such loca- 
lities, contaminated with relatively low concentrations of air pollutants, 
the health effects are very difficult to assess. Investigations have been 
carried out in such communities but, for many reasons, great doubt has 
beeacast on the validity of the conclusions reached in some of those studies 
(Ascher, 1907a, b; Haythom & Meller, 1938; Heimann et al., 1951; Klotz 
& White, 1914; Leonard, McVerry & Crowley, 1940; Mills, 1943, 1945, 
1946a, b, c; Mills & Mills-Porter, 1948; Schnurer, 1938). Recent studies 
of the effect upon health ot long-continued exposure to low concentrations 
of air pollutants have shown that the frequency and severity of chronic 
lung disease, specifically chronic bronchitis, are greater in areas of greater 
pollution (Daly, 1954; Hewitt, 1956; Pemberton & Goldberg, 1954). In 
spite of the controversy about the value of the reports of the studies, steps 
have been taken in many places to reduce the pollution of the air. In some 
places, the steps were taken, however, for economic and aesthetic, rather 
than for health, reasons. It is to be noted that the reduction of the amount 
of visible air pollutants alone— the method used when air is cleaned for 
aesthetic reasons- may not always be a good procedure, since it may also 
sel^tively remove some of the air-borne agents that serve to neutralize 
the potentially harmful agents. Thus, the procedure may result in more 
danger to health than that which existed before the control process was 
instituted. It has b^n suggested, for example, that the reduction of the 
sulfur oxide content of Los Angeles air, accomplished by the local oil 
refineries, contributed to a faster accumulation of eye-irritating oxidants 
in the community air. 
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EFFECTS OF AIR POLLUTION 
ON ANIMALS 



Introduction 

Interest in the effects of air pollution on animals has generally developed 
as a corollary to the concern about this influence on human health. Studies 
in which animals have been exposed experimentally to air pollutants have 
been prompted by the need for specific information concerning the toxicity 
of various known pollutants. Such information will assist in defining the 
effects on man. Moreover, animal morbidity and mortality following air 
pollution disasters have been recorded, at least partially, to seek a better 
understanding of the human injury. 

There has been a direct concern about the injurious effects of air pollu- 
tion on animals because of the considerable economic loss which has been 
claimed in some instances and is potentially associated with this hazard. 
This interest is illustrated by the research which has been devoted to the 
problem created by airborne fluorides. 

The concern over the threat of air pollution to the health of man and 
animals has developed for the most part during the past decade. With the 
ex(^ption of the reports dealing with fluorosis, there is little to be found in 
the veterinary literature about air pollution as a cause of disease. Most of 
the information concerning the natural exposure of animals to air pollution 
is contained in the reports of some major air pollution disasters— e.g., 
Donora, Lo^J^on, Poza Rica. Recently, considerable information has been 
Imported from medical research laboratories which describes the results of 
experimental exposure of small animak ^o various air pollutants. The 
advent of nuclear fission has added a new category of pollution to be studied 
and evaluated. 

This chapter will attempt to appraise the reports which developed from 
investigations of the air pollution disasters at Donora, London and Poza 

* Chief. Field Research AGtivitis, Air Pollution Medical Program, Public Health Service, 
Depaftfiwnt of Heal h. Education, and Welfare, Occupatiotial Health Field Headquarters, 
Bureau of State Services, Cincinnati, Ohio, USA. 
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Rica. Attention will also be given to the hboratory reports concerning air 
pollutants to which animals have been naturally exposed. The information 
concerning animal fluorosis will be reviewed, as will observations pertaining 
to the effects of radioactive fall-out on animals. 



Major Air Pollotion Disasters 

i 

A detailed investigation of both human and animal injury was conducted 
following the air pollution incident at Donora, Pennsylvania in 1948 
(Publ Hlth Bull, (Wash.), 1949). A retrospective survey disclosed that an 
appreciable number of animals were reported to have become ill and that 
some died during the week of intense smog. The information concerning 
animal morbidity and mortality was obtained from the owners of both pets 
and farm animals by personal interviews conducted by registered nurses 
among the urban population and by a veterinarian among the farmers. 
Reports obtained by the nurses were subsequently investigated by the 
veterinarian. 

Corroborative evidence was sought through conferences wuh three local 
veterinarians, technicians in a local dairy-cattle breeding association, two 
county agents, three local poultry dealers and a slaughterhouse operator. 
Four retail milk plants in the area were visited to examine milk production 
records during and after the smog. This group of observers was unable to 
indict the intense smog as being responsible for any noticeable effect upon 
the health or performance of animals. Milk production did not decline 
during nor immediately after the smog, according to the dairy operators. 

The reports obtained through interviews with animal owners and care- 
takers indicated that the different species varied in their susceptibility to 
injury. Dogs were reportedly the most susceptible species. Of 229 dogs 
included in the survey, 15.5 % were reported as having become ill and 
10 canine deaths were attributed to the smog. Nearly all of these fatalities 
occurred among dogs of less than one year of age. 

The investigators grouped the signs of the canine illnesses attributed to 
air pollution into three syndromes. Signs of the respiratory syndrome, which 
occurred most frequently, included cough, sneezing, conjunctival congestion, 
dyspnoea and nasal discharge. Signs of the digestive-^ndrome included 
emesis, retching and diarrhoea. The third syndrome consisted of anorexia 
which occurred with or without lassitude. With the exception of the fatal 
cases, the canine illnesses were generally mild and short-lasting. The mean 
duration of the illnesses reported for 31 dogs was between three and four 
days. 

Twelve of 165 cats which were included in the animal investigation at 
Donora were reported as having become sick during the smog interval. 



EFFECTS ON ANIMALS 



223 



Three cats died after developing signs which were similar to those described 
in dogs. 

There were few observations of illness and death among poultry. Mild 
signs of respiratory distress were reported as occurring in two of 43 urban 
flocks. Four rural poultrymen observed that their chickens became sick 
and that approximately 40 % of the afTi^ted birds had died. 

The larger farm animals including horses, cattle, sheep and swine were 
generally unaffected by the Donora smog. Three dairy farmers reported, 
however, that their cows had developed a cough which coincided with the 
occurrence of intense air pollution. At one farm five cases of calf pneumonia 
were said to have occurred immediately after the smog. 

In appraising the reports of animal injury during the intense smog at 
Donora several considerations appear to be important. It is significant 
that professional and experienced observers of animal health failed to 
regard the smog as a factor in the morbidity and mortality which occurred 
among animals at that time. It should also be noted that while it is 
entirely possible that the reported illnesses could have been caused by the 
inhalation of irritating gases and fumes, the signs which were observed 
are consistently associated with common animal diseases occurring in this 
locality. 

The significance of the animal effect^reportcd at Donora is further 
clouded by the inability to indict specific af^ pollutants as likely causes for 
the morbidity and mortality which occurred. The chief contaminants of 
the Donora smog were later estimated to have been well within the range 
of their respective toxic levels. The farm animals and poultry were not 
located in the centre of intense pollution and so relative exposures are 
unknown. 

It is impossible to make a fair estimate of the relative susceptibility of 
man and animals in this episode. Although the reactions of the animals are 
not biased by subjective reflection, the reports of the owners may be. In 
man, 10 % were severely affected and an additional 17 % moderately affected. 
The 15 % of dogs reported as having become ill might have consisted only 
of those with rather severe reactions, making the dogs' susceptibility 
roughly equivalent to that of man. It seems unlikely that any of the species 
of animals affected at Donora would provide a sensitive biological indi- 
cator for the degree or nature of human illness caused by this type of air 
pollution. 

During the interval of the London fog in 1952, a number of prize cattle 
were reported as having been severely affected (Brit, med, X, 1953; Joules, 
1954). These animals, which were grouped for exhibition, developed acute 
respiratory distress. Five of them died, 11 were subjected to emergency 
slaughter and over 40 others developed signs which were attributed to the fog. 
Post-mortem examinations revealed acute bronchiolitis, emphysema and 
right heart failure. Sulfur dioxide was the chemical component of the 
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London fog which was proposed as the cause for the morbidity and mor- 
tality (Drinker, 1953). 

A related sulfur compound,. hydrogen sulfide, has been held responsible 
for another major air pollution disaster at Poza Rica, Mexico, 1950 'McCabe 
& Claytoii, 1952). Following this incident, an investigation disclosed that 
the animal population apparently had been aflfected. An undeterminjd 
number of canaries, chickens, cattle, pigs, geese, ducks and dogs were 
exposed to the polluted atmosphere at Poza Rica. The reports of animal 
injury during this disaster disclosed that 100% of the canaries in the area 
had died. It was estimated that 50 % of the other exposed animals had died 
during the period of air pollution. 

Exposure of Laboratory Animals 

A considerable body of information is beginning to become available 
from laboratory experimentation with small animals. Such exp<^rimentation 
is capable of providing more specific and more reliable information in three 
basic categories. First, the animals themselves can be of known genetic 
constitution, with relatively well defined physiological constants and suscepti- 
bilities to infectious disease (Russell, 1955) and, eventually, to air pollutants. 
Secondly, the exposures to air pollutants may be controlled both qualita* 
tively and quantitatively. Thirdly, responses of the animals to the exposures 
may be measured in detail and by techniques not readily applicable to man. 
Laboratory experiments serve both in the basic field of testing known 
contaminants and as a follow-up to field epidemiological studies, to deter- 
mine whether true causal relationships exist between potential causes and 
eiTects noted in the field. 

Most available results from laboratory experiments define the reactions 
of animals to substantial concentrations of specific chemical air pollutants. 
The study of potential health hazards from air pollution as it occurs today 
must be concerned more with chronic low-level exposure than with the acute 
episode of short duration and high concentration. Although further acute 
episodes may be expected and anticipated, and may even produce local 
disasters of consequence, it is the long-term, widespread exposure to daily air 
pollution which must be examined thoroughly for delayed effects upon the 
health of animals and man. Epidemiological investigation of "natural" 
pollution may be so confounded by environmental factors and other 
intercurrent pathology that no specific effects can be differentiated. It is 
upon this thesis that the need for experimental animal epidemiology is 
predicated. 

Animal species have been shown to vary in their susceptibility to various 
air pollutants. The observations at Poza Rica suggest that avian species, 
especially canaries, may be considerably more susceptible to hydrogen 
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sulfide than are the more common laboratory animals. The fate of fattened 
catilc during the London fog elicits the conjecture that increased str^s 
associated with the rapid deposit of considerable fat may alter the cardio- 
respiratory functions, thereby increasing susceptibility to air pollutants. 

Rats exposed to silica and feldspar dust did not exhibit increased suscepti- 
bility to lobar pneumonia (Baetjer & Wintinner, 1944). Comprehensive 
studies have been made of the effects of sulfur dioxide and sulfuric acid on 
guinea-pigs (Amdiir, 1954; Comar et al., 1957). A combination of these 
two had a much more marked effect than equivalent concentrations of either 
alone. EffiWJts were demonstrated on growth, lung pathology, and airway 
resistance. Similar physiological effects have been noted in man (Amdur, 
Melvin & Drinker, 1953; Greenwald, 1954), and similar signs of illness and 
post-mortem pathology were noted in the cattle exposed to the London fog 
(Pattle & Cullumbine, 1956). Hyperpnoea, dyspnoea, and depression arc 
exhibited commonly by most laboratory animals. Guinea-pip are recorded 
as being more susceptible to these toxins than mice, rats or goats (Pattle 
& Cullumbine, 1956). Necropsies of exposed guinea-pigs have revealed the 
presence of pulmonary haemorrhages, oedema, and, in addition, consolida- 
tion and hepatization (Amdur, Schulz & Drinker, 1952). Studies in pro- 
gress in this same laboratory show that the combination of sulfur dioxide 
and a sodium chloride aerosol produce airway resistance effects many 
times greater than sulfur dioxide alone. 

At this time a number of studies are well under way to determine the 
effects of single or mixed air pollutants on the enzyme systems of specified 
tissues or cells. Preliminary reports of a number of these projects are 
included in the proceedings of the Air Pollution Research Planning Seminar 
(US Department of Health, Education, and Welfare, 1956). 



Exposure to Oxidizii^ Air PoUotios 

The natural exposure of animals to atmospheric pollution characterized 
by the reaction of unsaturated hydrocarbons and oxides of nitrogen in the 
presence of sunlight has been investigated but superficially to date. This 
type of air pollution is exemplified by that which mars the atmosphere of 
Los Angeles (Haagen-Smit & Fox, 1956). 

In 1954, an intensive survey of tte air pollution problem in Los Angeles 
was conducted. During this time the effects on animal health were cursorily 
investi^ted. The information obtained was apparently regarded as 
inconclusive since it was not included in the published report of the survey 
(California State Department of Public Health, 1955). More recently, it has 
been discovered through the medium of a questionnaire that veterinarians in 
Southern California occasionally incriminate air pollution as a cause of 

t5 



226 



E. J. CATCOTT 



illness among animals (Catcott, 1957, unpublished data). Signs of ocular 
and upper respiratory tract irritation among dogs and pet birds are rather 
frequently attributed to atmospheric contamjnants. 

Artificial exposure of laboratory animals has provided some evidence of 
the effects caused by some of the chemical agents present in this type of 
smog. The studies of the carcinogenic properties of ozonized hydrocarbons 
illustrate this information (Kotin, 1956). Both dermal and pulmonary 
cancers have been produced in mice artificially exposed to an irradiated 
mixture of ozone and unsaturated hydrocarbons. Skin painting with 
aromatic hydrocarbons produced skin tumours In both C57 black and 
strain-A mice (Kotin, Falk & Thomas, 1956). , Skin painting with aliphatic 
hydrocarbons also produced skin tumours in C57 black mice. Of more 
interest and probably' more significance is the finding that pulmonary 
tumours were produced in slrain-A mice after their exposure to an atmo- 
sphere of ozonized gasoline (Kotin & Falk, 1956) In these mice tumours 
developed in 41 % under washed air conditions and in 80 % in polluted air. 
Results on the C57 black mice under similar exposure are reported by Kotin 
& Falk (19 :8). The control animals showed a very low percentage of lung 
tumours, whereas over one-third of those exposed to polluted air produced 
tumours. Additional biological effects on these mice will be reported in 
detail. At the moment it has been noted that the mice housed in a polluted 
atmosphere showed a consistent weight deficit in comparison with the 
controls. 

These laboratory observations are at present being complemented with 
a field survey of pulmonary pathology in dogs (Catcott, McCammon 
& Kotin, 1958). In this study, do^ of known age and period of residence 
in the Los Angeles area are being examined post mortem. Both gross and 
microscopic observations are being made of the major organs, particular 
attention being given to pulmonary tissues. 

Ozone was considered to be an important component of the Los Angeles 
type of air pollution. Rather extensive studies on the toxicology of ozone 
have been conducted and are still being pursued (Stokingcr, 1954; Stokinger, 
Wagner & Wright, 1956; US Department of Health, Education and Welfare, 
1956). The irritant qualities of ozone have been demonstrated in dogs, cats, 
rabbits, mice and guinea-pigs. Exposures at toxic levels have produced 
marked pulmonary changes, including death. Oedema and haemorrhage 
characterize the morphological changes oMungs which have been injured 
with ozone. In nearly all experiments, the concentrations of ozone have 
been greater than those observed to occur naturally. Although ozone was 
considered to be a representative constituent of the oxidizing type of smog, 
opinion is now developing that ozone itself is not the responsible agent in 
this type of smog. Experiments in progress indicate that animals may 
develop a tolerance to ozone, or that they may be made more susceptible 
throu^ the medium of environmental stress. 
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Aitimal Fluorosb 

While fluorine toxicosis is usually induced by a less direct process than 
inhalation, the chemical agent is air-borne. Fluorosis of animals has 
become fairly well defined during the past ten ye^rs. Chronic fluoride 
poisoning probably results from the distribution of fluorine in the air. Fluo- 
rides are widely distributed in soils, water and animal feeds. It has been 
stated that it would be diflicult to devise an animal ration which would 
contain less than 2-3 p.p.m. of fluorides (Phillips, 1952). 

The sources of fluoride present in, or on, pasture crops include: (a) the 
natural dusts from soil in certain localities. Some top soil in Idaho has been 
found to contain as much as 1640 p.p.m. of fluoride: {b) dusts and gases 
from certain factories; (c) the combustion of coal, which results in the dis- 
persion of fluoride-containing materials (Largent, 1952). Gaseous effluents 
from the enamelling, cement, and aluminium industries and from cryolite or 
acid phosphate production contain hydrogen fluoride or other gaseous 
fluorides. 

The occurrence and distribution of livestock fluorosis in the USA has 
been contemporaneous with the development of the industries previously 
mentioned. The fluoride*containing effluents from these industries may 
contaminate the forage crops which are subsequently ingested by animals. 
Air contamination is greatest in the area adjacent to industrial sources and 
decreases with distance as the effluents become dispersed (Huffman, 1952). 
Sufficient forage contamination to produce the eariy signs of fluorine toxi- 
cosis may occur at a distance of seven miles (11 km) or more in the 
direction of the prevailing wind. Certain industrial establishments have 
made every efl'ort to prevent this type of contamination; others are still a 
problem. 

Fluorine is a protoplasmic poison. It has a marked affinity for calcium 
and interferes with normal calcification (Madsen, 1942). Livestock are 
observed to be more resistant than are humans to dental mottling, which is 
an eariy sign of fluorine toxicosis. Cattle and sheep are the most frequently 
affected animals (Largent, 1952). Experimental work has indicated that the 
maximum safe levels of daily fluoride ingestion are: 3 mg/kg bodyweight for 
cattle and sheep, and 10 mg/kg for chickens. Only one clinical case of 
fluorine poisoning in a horse has been reported in the USA (Largent, 1952). 

The pathogenesis of fluorine toxicity consists of hypoplasia of dental 
enamel followed at higher levels of fluorine intake by abnormal growth of 
bones. The pathology is manifested by mottling, staining and pitting of 
incisor teeth. Generally, only the permanent teeth are aflected. Excessive 
wearing of incisor and molar teeth with subsequent gingival injury may 
occur at high levels of fluorine iniake. Bone lesions may develop at any age. 
Their appearance indicates that there has been a high fluorine intake over 
a long period. The pathology is manifested by isolated exostoses or by a 
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diffuse thickening of long bones. Lameness is a consequent when joint 
surfaces become involved. Signs of advanced fluorosis include anorexia, 
diarrhoea, weight loss, lowered fertility and reduced milk production. 
Positive diagnosis of fluorosis is based on a chemical determination of 
fluoride levels in bones or teeth. Normal fluoride levels in bone ash of 
unaffected animals range from 200 to 800 p.p.m. About 2 mg daily of 
fluorine per kg of b3dyweight will produce dental mottling in cattle within 
four to five years. The toxicity of fluorine appears to be greater in forage 
contaminated with gaseous effluents than with rock phosphate. The storage 
of fluorine in the soft tissues of cows on high level intakes is reportedly low. 
Therefore, neither meat nor milk from such animals is likely to^ injurious 
to humans. The prospect of controlling industrial fluorosis gf livestock 
appears to be good. The element is so widely distributed in nature, however, 
that its complete eradication as an industrial waste is unlikely (Huffman, 
1952). 

The exposure of rabbits and guin;a-pigs to high concentrations of 
hydrogen mioride has been observed to be irritating to the respiratory tract 
(Machle et al., 1934). Slowing of the respiratory rate was observed at low 
concentrations. Increased exposure caused corneal erosion, necrosis of 
turbinate bones and marked conjunctival and nasal discharges. Death of 
these laboratory animals following their exposure to hydrogen fluoride was 
usually due to bronchopneumonia. 



Exposure to loniziiig Radifttion 

Radioactive fall-out from nuclear weapons testing is a unique air 
pollutant in that the associated biological effects occur as a result of ionizing 
radiation rather than chemical toxic action. The effects of radiation on 
animals are similar qualitatively to those in humans (Hollaender, 1954; 
National Academy of Sciences, 1956a). They can arbitrarily be categorized 
as acute radiation effects and the delayed or long-term effects. 

Signs of acute radiation injury develop within a period of hours to weeks 
following exposure. Only fall-out occurring close to the weapon*s test site 
can produce radiation levels sufficiently high to result in acute radiation 
effects (Cronkite, B3nd& Djnham, 1955; National Academy of Sciences, 
1956b; US Department of the Army, 1957). 

Our primary interest is in the long-term effects that may be associated 
with global fall-out. The most important long-term effects to consider are: 
(a) cancer (including leukaemia); {b) shortening of life span (non-specific 
aging); and (c) the genetic or mutation effect. These efi,-c s generally 
require several years, or, in the case of genetic changes, gencrat s following 
exposure, to be manifested. Our concern about these effects in niiroals is 
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not only in the interests of animal health, but principally for the information 
that can be extrapolated to man. In the USA, the National Academy of 
Sciences (l9S6a) points out: 

Laboratory studies of loi^-term effects have been relatively few, partly because their 
importance was not early appreciated and partly because they are very expensi^ c and time 
consuming owing to the necessity for maintaining considerable numbers <^ animals for 
all, or most, of their nomud life ssnms. In consequence, the data on late effects in animals 
are meagre in certain areas. Such data as there are in man are sufficiently in agreement 
with those on other mammals to lead to the expectation that extrapolation from lower 
mammals to man will be possible with fair accuracy. 

The Academy (1956b) also reports: 

Radiation fr<^ fall-out inevitably contaminates man's food supply. Radioactive 
elements in the soil are taken up and concentratttl by plants. The plants may be eat^ by 
humans, or by animals which in turn serve as human food. At present the contamination 
is negligible. But the maximum toterable leveHs not known. There is not nearly enough 
information about the long-term biolc^ical effects on man or animals from eatiqgradia- 
tion-contaminat^ food. Research in this area is urgently needed. - 

We are interested in the quantities of radioactive fission produ(^ being 
assimilated by animals throughout the world, because such data prcr^ide a 
biological index of the level of environmental contamination and give 
warning of the build-up of potentially hazardous levels. 

Compared to other air pollutants it is relatively easy to determine en- 
vironmental levels of radioactive fall*out and to measure the body burden 
fission products assimilated by animals. In recent yeai^ there have been 
numerous studies to measure levels of select fission products naturally 
occurring in animal tissues and animal products as a result of fall-out 
(Anderson et al., 1957; Comar et al., 1957; Kulp, Eckelmann & Schulert, 
1957; Van Middlesworth, 1956). 



Stunmary 

Reports concerning the effects of air pollution on the health of animals 
tiave four ^neral sources. Reports of animal injury and death have followed 
investigations of the air pollution disasters at Donora, London, and Poza 
Rica. Extensive studies of air-borne fluorides and their relation to animal 
health are available. Observations of the effects of air-borne radioactive 
substances on animals provide a third source. Finally, the reports d" arti- 
ficial exposure of laboratory animals have enlarged our understanding of the 
effects of various air pollutants on animals. 

It must be con(^ed that the present information concerning this sub- 
ject is quite inadequate. The reports of animal morbidity and mortality 
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which followed major air pollution episodes should be regarded critically. 
The investigations of these acute and intense exposures to air pollution have 
been done retrospectively. It is significant that the owners' reports of injury 
to animals could not be corroborated by professional observers at the Donora 
disaster. The high rate of animal mortality which allegedly occurred at 
Poza Rica is generally in contradiction to the information concerning the 
relative susceptibility to air pollutants of animal species which have been 
studied experimentally. 

The synergistic roles of physiological and of external environmental 
influences on reactions to air pollution indicate that the interactions of many 
factors may be necessary to produce critical situations. Genetic attributes 
of the individual animal as well as the species may define specific parameters 
of physiology and nutrition within the animal, whereas meteorology and 
type source of air pollution define exposures. The association of animals 
and atmosphere may be the final requirement for sp^ific biological effects. 

There has been very little study of animals subjected to natural exposure 
to air pollution of the kind prevalent on the west coast of the USA. Investi- 
gations of naturally oa:urring effects of this form of air pollution are at 
present being conducted. Most of our information concerning the oxidant 
type of pollutant has been and currently is being obtained in experimental 
studies of laboratory animals. 

In contrast to the paucity of information concerning natural exposure to 
most air-borne pollutants, the eflects of fluorides on animals have been 
defined well. The incidence of animal fluorosis and its nature have been 
described. Methods of controlling this hazard to animal health are known 
and utilized when the threat of fluorosis occurs. 

Labot itory research has provided important information concerning 
the eflects of specific pollutants on animals. Mice, rabbits, guinea-pigs, 
rats and monkeys have been utilized to demo.istrate the toxic properties of 
such air pollutants as sulfur dioxide, sulfuric ?cid, hydrogen sulfide, ozone, 
nitrogen dioxide, organic compounds, and son.e dusts. Information which 
has been obtained by artificial exposure of animals is providing some indices 
of both human and animal effects to be expected from natural exposures. 
A well-integrated attack, in the field and in the laboratory, will be necessary 
to divulge the true details of the biological effects of polluted air. 
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EFFECTS OF AIR POLLUTION 
ON PLANTS 



There are three principal air pollutants of major interest to agriculture— 
viz., sulfur dioxide, fluorine compounds, and smog. The last is a complex 
mixture, only partially understood at this time* There are at least two 
distinct types of smog, with many intermediate grades: the London type, 
which is a mixture of coal smoke and fog with enough sulfur dioxide to 
impart reducing properties to the mixture; and the highly oxidizing Los 
Angeles type, which usually contains neither coal smoke nor fog, but rather 
is a mixture of ozone and peroxtdized organic compounds formed by photo- 
chemical reactions between oxides of nitrogen and innocuous organic 
compounds such as gasoline vapoui^ or partially bum^ fuel. In addition 
to the two types of smog, certain organic compounds, such as ethylene* 
DDT, and some heterocyclic bases, are known to have powerful phyto* 
toxicity and have done considerable plant dama^ in some locations. The 
subject has b^n reviewed in thr^ recent publications (Thomas, 19S1; 
Thomas & Hendrteks, 1956; Zimmerman, 1955). 



Srifor Dioxide^ 

Sulfur dioxide has been studied longer and more intensively than the 
other pollutants. The older German studies are reported in several books 
(Haselholf, Bredemann & Haselhoff, 1932; Haselhoff & Lindau, 1903; 
Stoklasa, 1923; Wislicenus, 1914), and in America there is an extensive 
literature (Dean & Swain, 1944; Holmes, Franklin & Gould, 1915; Katz, 
1949, 1952; National Research Council of Canada, 1939; O'Gara, 1922; 
Setterstrom & Zimmerman, 1939; Setterstrom, Zimmerman & Crocker, 
1938; Thomas et aL, 1943, 1944; Thomas, Hendricks & Hill, 1944, 1950a, b, 
1952; Thomas & Hill, 1935, 1937; Zimmerman & Crocker, 1934a,b). 



* Research Chemist, Citrus Experiment Station, Agriculturat Air Reseirch Prognm, 
Riverside, Calif., USA. 

' For illustrations of typical lesions on a number of plants caused by sulfur dioxide, see 
Plate 1 (facing page 240). 
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The effects of sulfur dioxide on plants are fairly well understood. The gas 
is absorbed into the mesophyll of the leaves through the stomata. Toxicity 
is due largely to the reducing properties of the gas. The limiting con- 
centration that can be tolerated in the cells is about the same for many 
diverse species, including water plants. When this concentration is ex- 
ceeded, the cells are first inactivated with or without plasmolysis, then 
killed. When extensive areas are killed, the tissues collapse and dry up, 
leaving a characteristic pattern of interveinal and marginal acute injury. 
If onl^^^ few cells in an area are injured, this area may become chlorotic 
or brownish red in colour, owing to chronic injury. A slow oxidation 
of sulfite to sulfate occurs in the cells. This reduces the toxicity of the 
sulfite by a factor of about 30. Consequently, if the sulfur dioxide is not 
added to the system too rapidly, a rather large amount may be added 
without (fusing injury before sulfate toxicity occurs. Sulfate toxicity 
is a form of chronic injury manifested by white or broArnish-rcd turgid 
areas on the leaf caused by the rupture of some cells or of chloroplasts 
within the cells (Solberg & Adams, 1956; Thomas & Hendricks, 1956; 
Thomas & Hendnjks, unpublished data). Abscission often occurs at or 
before this stage. Photographs of typical sulfur dioxide injury arc given 
in reports by the National Research Council of Canada (1939) and Thomas 
& Hendricks (1956). 

Injury by sulfur dioxide is local. No systemic effects have been observed. 
While the injured areas of the leaves never recover, the uninjured areas 
quickly and fully re^in their functions and new leaves ttevclop normally. 

It should be noted that there are many lesions caused by diseases and 
environmental conditions which resemble more or less those due to sulfur 
dioxide but have no connexion with the gas. These include white spot in 
alfalfa, frost or winter injury, tip bum, chlorosis, salt injury in wheat and 
barley due to uptake of too much salt from very slightly saline soil when 
growth is slow, and nutritional or senescence effects often seen in com. 
Masscy (1952) has discu^ed the fH'oblem of sulfur dioxide and hydrogen 
fluoride injury in relation to other ** disease " symptoms, pointing out many 
of the difficulties encountered in making a definite diagnosis of gas injury. 
Evidently there are many situations in which it is impossible to diagnose gas 
damage with certainty by symptoms alone. 

"Invisible" injury was postulated by Stoklasa (1923) as interference 
with the growth or functioning of the plant without attendant lesions on the 
leaves or elsewhere. A number of sulfur dioxide fumigation studies have 
been made for the purpose of investi^ting this theory (Hill & Thomas, 1933 ; 
Katz, 1949; National Research Council of Canada, 1939; Sctterstrom et al., 
1938; Swain & Johnson, 1936). No significant reduction in yield of the 
crops was found if the area of visible markings on the leaves ^^s less than 
about 5 %. Measurements of photosynthesis (National Research Council of 
Canada, 1939; Thomas & Hill, 1937) also indicated that fumiptions which 
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did not cause leaf injury did not redut^ carbon assimilation by a significant 
amount, though a temporary lowering of the photosynthesis was observed. 
Possibly a fumigation treatment could be devised that would produce a 
significant amount of invisible injury, but it would probably be of academic 
interest only. The details of the photosynthesis studies are given later. The 
effects of coal smoke in Manch^ter, discussed later (Bleasdale, 1952b), 
could constitute invisible injury due at least in part to sulfur dioxide, but this 
has not yet been definitely established. 

Sulfur is an essential element in plants and is present in many biolo- 
gically active compounds such as methionine, cystine, glutathione, thioctic 
acid, coenzyme A, thiamine, and many others. The organic sulfui- fraction 
in the leaves of different plants is fairly constant in amount (Thomas et al., 
1950b). The needles of conifere usually have about 0.1 % S dry basis 
(Kau, 1952); many broad-leaved plants have 0.15%-0.3%; and plants 
such as the crucifers may contain 0.6 %. Sulfate may be present in the 
leaves in a wide range of concentrations, without appreciably affecting the 
organic sulfur level. When sulfur dioxide is absorbed into the leaves in 
sublethal amounts, it is primarily oxidized to sulfate (Thomas et al., 1943; 
Thomas, Hendrkks & Hill, 1944) but some may be reduced to organic 
sulfide. It has been shown by tracer (^) experiments (Steward et al., 1951 ; 
Thomas et al., 1944; Thomas, Hendricks & Hill, 1950b) that the final 
disposition is the sanw whether the element is absorbed through the roots as 
sulfate or through the leaves as sulfur dioxide— though sulfate is more 
effective as a nutrient than is sulfur dioxide, because of its greater mobility 
in the plant. An explanation is thus afforded for the fact that sulfur 
dioxide is local in its action as a toxicant and does not produce systemic 
effects. 

Many suggestions have b^n made as to the mechanism of sulfur dioxide 
injury. Haselhoff^A Lindau (1903) considered that the gas reacted with tl^ 
sugars in the leaves, and was slowly released later with resultant injury to 
the cells. This suggestion seems improbable in view of the fact that the 
leaves are more susceptible to sulfur dioxide in the morning, when the sugars 
arc low, than in the afternoon, when they are higher. Noack (1929) sug- 
gested that the sulfur dioxide reacts with the iron in the chloroplasU, Jhus 
interfering with iu catalytic properties. Secondary photo-oxidative processes 
are then promoted which cause d^mposition of the chlorophyll and death 
of the cells. Dorries (1932) postulated phaeophytin formation due to 
acidification of the chlorophyll by the sulfur dioxi<te. Experimental evid- 
ence on this reaction in the leaves of different species is conflwting. Another 
suggestion, made by Bleasdale (1952b) and based on the work of Hammett 
(1930), postulates an equilibrium between sulfhydryl groups and more- 
oxidized sulfur compounds, particularly sulfites. The former, which pro- 
mote cell division and growth, are increased in amount but are inactivated 
by the latten When the sulfite level is reduced, the level of sulfhydryl 
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activity is increased. Presumably if the sulfite level is raised top much, 
permanent injury to the cells would result. 

It seems clear that the toxicity of sulfur dioxide is caused primarily by 
its oxidation-reduction properties rather than by its acidity. Sulfur dioxide 
is considerably more toxic than hydrogen chloride, whereas it yields a 
weaker acid. Sulfite toxicity appears to be about 30 times the equivalent 
sulfate toxicity, as already not^. 

Rehthre sssceptibOity id ^edes 

The different species of plants vary over a considerable range in their 
susceptibility to injury by sulfur dioxide. These differences seem to be due 



TABLE 1. RELATIVE SENSITIVITY OF CULTIVATED 
AND NATIVE PLANTS TO INJURY BY SULFUR DIOXIDE 
(DETERMINED BY O'GARA) 



Scfltictvc 


Intcrmcdistt 




CUlTlVATfD PLAMTS 


AtfiHa ' 




Cauliflower 


1.6a 


Gladiolus (1.1-4.0)6 2.6<> 


Btrley 


1^ 


Parsley 


1.6 


Horse*r«lish 16 


Endive 


1.0 


Sufar beet 


1.6 


Sweet cherry 16 


Cotton 


1.0 


Sweet William 


1.6 


Canna 16 


Four o'clock 


1.1 


Aster 


1.6 


Rose 18-4.3 


Cosmos 


1.1 


Tomato (1.3-1.7)* 


1.7 


Pouto (Irish) 3.0 


Rhubarb 


1.1 


Efgptant 


1.7 


Castor bean 3.2 


Sweet pea 


1.1 


Parsnip 


1.7 


Maple 3.3 


Radish 


1.2 


Apple 


1.8 


Boxelder 3.3 


Verbena 


1.2 


Caulpa 


1.9 


WIsteHa 3.3 


Lettuce 


1.2 


Cabbie 


10 


Mock orange 3.5 


Sweet potato 


1.2 


Hollyhock 


11 


Honeysuckle 3.5 


Spinach 


1.2 


Peas 


11 


Hibiscus 3.7 


Bean 1.M.S 


Gooseberry 


11 


Virginia creeper 3.8 


Broccoli 


1.3 


Zinnia (1.2) 6 


11 


Onion 3.8 


Bnisseli sprouts 


1.3 


Marigold 


11 


Ulac 4.0 


Pumpkin 


1.3 


Hydrangea 


12 


Corn 4.0 


Table beet 


1.3 


Uek 


12 


Cucumber 4.2 


Oau 


1.3 


Begonia 


12 


Gourd 5.2 


Bachelor's-button 


1.4 


Rye (1.0) » 


13 


Chrysanthemum5.3-7.3 


Gover 


1.4 


Grape 2.2*3.0 


Snowball 5.8 


Squash <1.1.1.4) 6 


1.4 


Linden 


13 


Celery 6.4 


Carrot 


1.S 


Peach 


13 


Citrus 6.5-6.9 


Swiss chard 


1.5 


Apricot 


13 


Cantaloupe 


Turnip 


1.S 


Kale 


13 


(muskmelon) 7.7 


Wheat 


1.5 


Nasturtium 


13 


Arbor vitae 7.8 






Elm 


14 


Currant blossom 110 






Birch 


14 


Live oak 14.0 






Iris 


14 


Privet 15.0 






Plum 


15 


Corn silks 






Poplar 


15 


and tassels 21.0 








Apple blossoms 25.0 
Apple buds 87.U 
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TABLE 1 (continued) 
RELATIVE SENSITIVITY OF CULTIVATED 
AND NATIVE PLANTS TO INJURY BY SULFUR DIOXIDE 
{DETERMINED BY 0*GARA) 



StflsUive 



lnt«rm«diat« 



Rtsistant 



NATIVE PLANTS 



G«ura(1.0)^ 




Tobacco tree 




(N, giauca) 


1.0 


June srass 




(8, tectorum) 1.0 


Prtckty leuuce 


1.0 


Mallow 


1.1 


Rafweed 


1.1-1.2 


Curly dock 


1.2 


Buckwheat 


1.2-1.3 


Bouncing bet 


1.3 


Planuin 


1.3 


Sunflower 


1.3-1.4 


Rye grass 


1.4 



Dandelion 
Orchard grass 
Rough pigweed 

(Redroot) 
Black mustard 
Smartweed 
Lamb's quarters 
Sweet clover 
Nightshade 
Hedge mustard 
Cocklebur 
Tumbling mustard 



1.6 
1.6 

1.7 
1.7 
1.8 
1.8 
1.9 
2.0 
2.1 
2.3 
2.4 



Purslant 


16 


Sumac 


18 


Sh' ^herd's purse 


3.0 


IK weed 


4.6 


Salt grass 


4.6+ 


Pifte ' 7- 


•1S.0 



Sour«: Thpmat ft Htndriek. (tr l«rmi»iofl frpm "Air jpoltutipn haajibook". by P. L. Maf". R. F. 

Holdtn ft C, Aekln. wJitpn. Copyright 1954. M«Graw^ill idok Company. Inc.) 
a Nctort of r«Jativt rttinanct compared with atfatia at unity. 

6 Mora probabit fattort baaed on iattr «xp«ri«n«. ,m . ^ aii-«a .rH 

c Data for pine repreitflt October fumigationi In Patp Attp. Cahf of Monterey, white. AMepo. ind 
Coulter wietiei O'Gm factpn calculated from thedau of Katz ft HcCaHum (Natipnat Research Council of 
CSIX ^Snr;.. f<Sp^I.rir«h in May.lX. Douila. fir i« May. 2.3: yellpw pifle<y«r-old) seedtinss in May. 1.4. 
in August. 2.4-4,7. 

primarily to differences in the rate of absorption of the gas by their leaves. 
Plants with succulent leaves of high physiological activity are generally 
sensitive. Examples are alfalfa, the grains, squash, cotton, grapes, and 
many similar plants. An exception is corn, which keeps its stomata tightly 
closed a great deal of the time. Plants with fleshy leaves and needles are 
inclined to be resistant, except when rewly formed before cutinization. 
Examples are citrus, pine needles, and privet. 

Table 1 gives factors of relative sensitivity to sulfur dioxide, found by 
0*Gara (cited by Thomas & Hendricks, 1956) for about 100 plants based 
on alfalfa as unity. The factors were obtained by fumigating each plant for 
an hour with different concentrations of the gas until the concentration is 
found that causes traces of injury. The relative humidity is also measured 
and the concentration is adjusted to 100 % relalt .e humidity by a relationship 
that is given later. This value is divided by 1.25 since alfalfa requires about 
1.25 p.p.m. for incipient injury in one hour. In a few cases more probable 
values are noted, based on later experience. Great variability is noted in 
the susceptibility of the varieties of some species, such as the conifers, 
gladiolus, and rose. Others, such as prunus, have more constant factors. 
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For these reasons, the O'Gara factors are suggestive only, and are subject 
3 variation with different climates, varieties, and stages of growth. 

Environmental factors 

The same conditions that enhance the absorption of the gas predispose 
the plant to injury. They include high light intensity (especially in the 
morning hours), high relative humidity, adequate moisture supply, and 
moderate temperatures. These are the conditions that cause the stomata 
to open. Loftfield (1921) demom ated the existence of a relationship 
between the diurnal trend of stomatul apertures and susceptibility in alfalfa 
and other plants. This was confirmed for alfalfa by Katz & Ledingham 



TABLE 2 

EFFECT OF RELATIVE HUMIDITY ON ALFALFA 
AND OTHER PLANTS 



Rtiativ« 




Reiactvt 


humidity, % 


stnsttiyity 


restsunct 


100 


1.00 


1.00 


80 


0.89 


1.12 


60 


0.77 


1.30 


50 


. 0.69 


1.45 


40 


0.54 


1.85 


30 


0.31 


3.2 


20 


0.18 


5.5 


10 


0.13 


7.7 


0 


0.10 


10.0 



Source: Thomu A Htndnckt(1956). (6y parmitsion from "Air pollution 
handbook", by P. L. MafHI. F. R.Hold«n ft C.Ack Icy. editors Copyright 
1956. McGraw-Hill Book Company, Inc) 



(National Research Council of Canada, 1939). Most plants close their 
stomata at night and are therefore much more resistant in the dark than in 
the li^.A. Those that do not, sucli as the potato, are about equally sensitive 
under these conditions. Individual alfalfa leaves, observed to be open at 
night, were found to be as sensitive as in the day. 

The stomata also close under conditions of moisture stress— which 
explains the observed relationship between moisture and susceptibility. 
Table 2 gives the relative susceptibility or resistance of alfalfa at different 
values of the relative humidity. The range of these factors shows the neces- 
sity of considering the relative humidity in connexion with susceptibility 
observations. 

It has been found that the susceptibility falls off in the afternoon of a 
cloudless day while the light intensity is still high and all the other conditions 
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remain constant. It is probable that the build-up of carbohydrates in the 
leaf serves to reduce the susceptibility to some extent, possibly by aldehyde- 
sulfite reactions. 

Exposure equations 

As a result of a great many brief fumigations of alfalfa, O'Gara (1922) 
concluded that a reciprocal relation existed between exposure time (t = hours) 
and concentration (C = p.p.m.) which causes traces of injury under condi- 
tions of maximum sensitivity, as follows: 

(C — 0.33)t = 0.92 (1) 

The constant 0.33 p.p.m. represents a concentration that presumably 
can be endured indefinitely. This, of course, is not true of prolonged 
fumigations which encompass conditions not encountered in the short 
exposures. In one hour, C = 1.25 p.p.m. 

Thomas & Hill (1935) generalized this equation for any degree of leaf 
destruction and any degree of sus<^ptibility. With maximum susceptibility, 
three equations were calculated as follows: 

(C — 0.24)t ^ 0.94 Traces of leaf destruction (2) 
(C — 1.4) t = 2.1 50 % leaf destruction (3) 
(C — 2.6) t = 3.2 100 % leaf destruction (4) 

The work also indicated that the toxic dose of sulfur dioxide to the leaves, 
if present as unoxidized sulfite, would be about 1350 p.p.m. S in the dry 
tissue. If the active cell substance is about half the total leaf substance, this 
value would be about 2700 p.p.m. in the cells. 

Effects of sulfur dioxide on photosynthesis and respimtion 

The photosynthesis and respiration of plants can be measured auto- 
matically and without interfering with their growth beyond confining them 
in a chamber through which a measured stream of air is passed. To this 
system the fumigant can be added, at will, in any desired concentration. 
Illumination with either sunlight or artificial light may be applied, and control 
of temperature and relative humidity is practicable. The carbon dioxide 
content of the air is then determined as it enters and leaves the chamber. 
The difference represents carbon dioxide, assimilated or respired, and effects 
due to the fumi^nt are immediately evident. Several arrangements of the 
fumigation equipment have been described (National Research Council of 
Canada, 1939; Thomas & Hill, 1937), and detailed graphs of the carbon 
dioxide exchange are illustrated in Fig. 4 (page 261). It is practicable to 
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continue treatments for weeks or for months and to measure the gas ex- 
change day and night during this time. 

Thomas & Hill (1937) made a detailed study of the action of sulfur 
dioxide on alfalfa, using this method. It was shown that when a high con- 
centration of gas was employed for a period too short to cause appreciable 
leaf lesions, the rate of photosynthesis fell sharply to a lower level, then 
recovered and reached its normal level in a few hours or next day. With 
lower concentrations— for example, 0.4 or 0.6 p.p.m. for four hours— definite 
reduction in assimilation occurred, with complete recovery within about 
two or three hours after discontinuing the fumigation. 

At still lower concentrations there was no direct interference by the gas 
with assimilation except in some continuous fumigations. Brief summaries 
of these experiments follow. 

(1) About 0.3 p.p.m. applied four hours per day for a month had no 
effect, though the sulfur content of leaves reached 1.7 %. 

(2) Continuous application of 0.24 p.p.m. intake concentration 
(0.18 p.p.m. average of intake and outlet) reduced assimilation by 1 % dur- 
ing the first three days and by 3 % during the next three days. From the 
17th to the 22nd day the reduction was 24 %; during three days following 
the termination of the fumigation, it was 19%. The leaves had 2% acute 
markings and were somewhat chlorotic, having low chlorophyll values. 
They contained 2 % sulfur at this time, which represents nearly the maximum 
before abscission. Dead tissue on the treated plot represented 22 % of the 
total as compared with 12 % on the check plot. Senescence and sulfate 
toxicity can therefore explain most of the effects on assimilation. The final 
5 % recovery of assimilation probably represents the ** invisible injury " level 
of the fumigation after about the first six days. 

(3) Similar r^ults followed continuous treatment with 0.19 p.p.m. 
intake (0.14 p.p.m. average of intake and outlet), except that it required 
11 days before any reduction of assimilation was noted, which finally 
amounted to about 10 % after an exposure of 26 days. At that time the 
leaves carried 1 .35 % sulfur. After stopping the fumigation, the assimilation 
level rose to 95 % of the control. Only traces of leaf injury were apparent, 
but the chlorophyll content of leaves was depressed slightly. Some abscis- 
sion of older leaves had also occurred. When the fumigation was resumed 
at 0.29 p.p.m. intake (0.21 p.p.m. average of intake and outlet) for 14 days, 
results fully confirming those of the preceding experiment were obtained. 

(4) Finally, a 45-day fumigation with 0.14 p.p.m. intake (0.10 p.p.m. 
average of intake and outlet) showed no significant effect on assimilation or 
growth of the alfalfa. Concentration of sulfur in the leaves reached 1.5 %. 
The chlorophyll content was not affected. There was some abscission of the 
older leaves, but new growth was sufficient to maintain the activity of the 
plants. Increase of assimilation after stopping the fumigation was not more 
than 2 %, indicating that the sulfite level in the cells was probably very low. 



PLATE I 




Acknowledgment is made on page 275 to the persons who furnished the above coloured photographs. 
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Katz et al. (National Research Council of Canada, 1939) carried out 
some similar experiments and obtained similar results. 

Leaf destruction in relation to yieM 

Many industries that emit phytotoxic gases are located near valuable 
agricultural land. If damage is done to nearby crops, the farmer is legally 
entitled to recover his losses. Therefore an objective method is required 
for determining the extent of the losses. Many studies have shown that, for 
sulfur dioxide and a number of field crops, the reduction in yield of a crop is 
proportional to the percentage of leaf area destroyed: 

y = a — bx (5) 

where y is the yield expressed as the percentage of full yield in the absence of the 
pollutant, and x is the percentage of leaf area destroyed estimated on the 
leaves present at the time of fumigation. The constant, a, is about 
100 %; b is the slope of the yield/leaf-dcstructioa curve. 

Alfalfa 

Hill & Thomas (1933) fumigated alfalfa plots with sulfur dioxide once, 
twice or three times during the growth of the crop, allowing 10-14 days 
between successive treatments and between the final treatment and the 
harvest of the crop. The percentage of leaf destruction, x, was determined 
by counting the marked leaves on representative samples of the plot and 
estimating the average area of the marked leaves that was injured. Each 
treatment of the multiple fumigations was measured separately. The yield, 
y, of each fumigated plot was expressed as a percentage of the average yield 
of several adjacent control plots. 

The equations obtained were as follows: 

ia) Single fumigation early, medium, or late in the growth of the crop : 

y = 99,5— 0.30x n = 96 r = 0.64 ± 0.06 Sy-7.4% (6) 

(b) Two fumigations on the crop: 

y - 95.5 — 0.49x n = 34 r = 0.79 ± 0.07 Sy = 8.2 % (7) 

(c) Three fumigations on the crop: 

y = 96.6 — 0.75X n - 12 r = 0.98 ± 0.01 Sy = 4.1 % (8) 

In other experiments, approximately the same relationships were found 
by picking off the leaves instead of destroying them with sulfur dioxide, 
suggesting that the action of the latter is limited to its visible effects. 

The effects of multiple fumigations are additive. A given percentage of 
leaf destruction reduces the yield by the same amount regardless of stage of 
growth, even though, fc r example, three times as much leaf tissue is destroyed 
when the crop is three-quarters grown as when one-quarter grown. It is 
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assumed that the fumigated and control crops have the same growth periods. 
If the fumigations are so severe that the reserves of carbohydrates in the 
roots are not adequately replenished after new leaves are developed to 
replace those destroyed, growth of the next crop may be curtailed. A 
minimum leaf destruction of about 50 % at least a week before harvest is 
needed before this effect becomes measurable on the subsequent crop. 

The alfalfa yield data of Katz & Ledingham (National Research Council 
of Canada, 1939) give an equation that i: not appreciably different from 
equation (6). 

y = 99 ~ 0.37X n - 103 r = 0.48 Sy = 8.8 % (9) 

The fumigation treatments in equation (9) ranged from 1 to 600 hours and 
from 0.1 to 3 p.p.m., whereas most of the treatments for equations (6) to (8) 
were of only 1-2 hours' duration and 1-5 p.p.m. 

Wbeat, b»ley and cotton 

The grains differ from alfalfa in that vegetative growth is not the primary 
consideration but, rather, production of kernels. The stage of development 
of the plant when the leaf destruction occurs becomes very important. Dur- 
ing tillering, severe leaf destruction may be sustained without appreciable 
effect on yield.- The plant simply develops more tillers and/or enlarges the 
injured leaves so that its ultimate growth is not interfered with. After the 
shoots form, the effect of leaf destruction becomes increasingly important. 
It is greatest in the blossom stage, but only a little less important in the boot 
and milk stages. In the dough stage when the plant is maturing, the effect 
is greatly reduced. The p^nt is beginning to dry up at this time. 

Equations for barley, calculated from the data of the Selby Smelter 
Commission (Holmes et aL, 1915), are as follows: 

Eariy stage, less than 25 cm in height : 

y = 98 — 0.06X n - 18 r = 0.13 Sy = 12.2 % (10) 

This equation lacks significance because of its small slope. 

Heading-out stage and later (some plots fumigated earlier also, as well 
as throughout the ripening period): 

y = 98~0.40x n = 60 r = 0.74 Sy = 10.2 % (11) 

An equation for winter wheat under average field conditions, calculated 
from data by the American Smelting and Refining Company, is the 
following: 

y = 103 — 0.37X n = 71 r = 0.75 Sy - 10.2 % (12) 

Brisley & Jones (1950) studied Sonora wheat in Arizona from 1941 
to 1944. They fumigated 10 plots each week for 14 weeks, attempting to 
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TABLE 3 

SLOPE (b) OF THE REGRESSION CURVE OF WHEAT* 
y = a — bx. AS THE PLANT QEVELOPS 



Wttks from 



Functiofut tttf arts, 
% of tout 



b 



1-7 
7 
8 
9 

9-14 
11-14 



0,M1 

11 

22 

37 
37-67 
50-67 



0.01 
0.06 
0.16 
0.28 
0.3S 
0.37 



Source: Brittcy A lon« (19S0K 



produce a wide range of leaf destruction in each group of plots. They 
measured the leaf area destroyed and expressed the result as a percentage of 
the total amount of leaf area produced by the plant during its whole growth 
period. There was never more than 67 % of active tissue present at any one 
time and, in the last week, the functional tissue fell to 46 % of the total. 
The 1944 data gave the equation : 

y = 100 — 0.66z n = 130 r = 0.95 Sy = 2.2 % (IS) 

where z represents leaf destruction calculated on the basis of total leaf area, 
to distinguish it from x, calculated on the leaf area at the time of fumigation. 
Using this equation, the relationship between y and z is independent of the 
stage of growth of the plant. This would seem to be a definite advantage. 
However, it must be remembered that the determination -of the total leaf 
area produced by fully matured control plants is a task involving some 
uncertainty as well as considerable labour. 

When the data for the various weeks (Table 3) are calculated separately, 
using X instead of z, the values of the constant, b. increase with the age of 
the plant and approach closely the values in equations (11) and (12). The 
method of calculation based on z and the method based on x in a series of 
equations like those in Table 3 should give equally satisfactory results. 

The grain data so far considered represent plants grown under average 
conditions of fertility and moisture supply. With greater fertility or water 
supply, the effect of leaf destruction in reducing the yield is lessened, so that 
in an extreme case of a field yielding over 60 bushels of wheat per acre 
(ISO bushels per hectare), even very severe injury by sulfur dioxide did not 
cause appreciable reduction in yield (Thomas & Hendricks, 1956). Data 
by Brisley & Jones (1950) during more favourable crop years than the one 
considered indicated much smaller values of the regression coefficients than 
those given. Evidently local and seasonal conditions need consideration 
in the application of these equations. 
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Brisley, Davis & Booth (1959) have published an equation for cotton 
that is almost identical with their equation for wheat. The interpretation 
is similar to that given for wheat. 

y ^ 99 o.68z n 494 r 0.84 Sy = 5.5% (14) 

Data on other crops have not been published, but a brief reference may 
be made to some of the work that has been done in order to indicate its 
scope. Each crop presents special problems. For example, yields of toma- 
toes and cotton vary according to the length of the harvest season and would 
be particularly affected by early frost. The question of including green 
tomatoes in the yield must be considered. Cotton develops a great deal of 
chronic injury, which appears to have a smaller effect in reducing yield than 
acute injury, necessitating a decision as to weighting the two kinds of markings. 
Large fumigation plots have advantages over small plots for plants of 
indeterminate and variable size such as tomatoe> and cotton, but large plots 
require special fumigation equipment. 

Mid-season fumigations of these crops, when flowering and fruit for- 
mation were most active, gave reductions in yield ranging from the values 
found for alfalfa and grain to nearly double those values under various 
conditions. The reductions were small in earlier fumigations, as with wheat 
and barley. Evidently the responses of all these crops to leaf destruction 
by sulfur dioxide are similar. The responses may vary over a considerable 
range in different seasons and in different environments, particularly as 
regards soil fertility and available moisture. 



Flaorine Compounds ^ 

Fluorides in general, and gaseous fluorides in particular, have assumed 
great importance as air pollutants during the past decade, first, because 
hydrogen fluoride and silicon tetrafluoride are toxic to some plants in con- 
centrations as low as 0. 1 parts per thousand million (p.p.t.m.) and, secondly, 
because all fluorides, particulate as well as gaseous, may be accumulated by 
forage to build up concentrations in excess of 30-50 p.p.m. on the inside and 
outside of the leaves. No lesions are ordinarily observed in the forage. 
This vegetation, when consumed by cattle or sheep, can cause fluorosis in 
the animals. This phase of the problem will not be considered further in this 
chapter.^ However, it often has even greater economic signfficance than the 
direct plant-damaging effects of fluorides. 

The toxic effects of fluorides on vegetation present many paradoxes. 
Some plants arc injured by extremely low concentrations in the atmosphere 

• For illustrations of typical tesions on a number of plants caused by hydrogen fluoride, 
see Plate 2 (facing page 248). . ^ . , . . . 

• Sec the chapter "Effects of Air Pollution on Animals," t> E. J Catcott (section on animal 
fluorosis, page 227), 
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and/or in the tissue; others can withstand more than a hundredfold as much. 
The reason for this enormous range of tolerance is not apparent. A few 
factors may be mentioned which perhaps play a part, 

(1) Fluorides absorbed in the leaves are translocated towards the margins 
of broad leaves or the tips of leaf blades. By this means the body of the 
leaf, where absorption takes place, may remain at a low level of concen- 
tration while the margins build up lethal concentrations, causing marginal 
necrosis. Gradients of 2 or 3 to 1 up to 100 to 1 have been observed in 
the tips or margins as compared with the body of the leaves. Appreciable 
translocation of fluoride from the leaf to other parts of the plant does 
not occur. 

(2) Insoluble fluoride salts may be precipitated in the tissue, reducing 
the activity of the element. This seems to occur to some extent in plants of 
high ash-content (Thomas & Hendricks, unpublished data), but different 
varieties of gladiolus, varying considerably in susceptibility to hydrogen 
fluoride, have been found to have identical ash contents. 

(3) Part of the hydrogen fluoride may be adsorbed on the exterior of the 
leaf. This can be washed off with water. It represents a variable but sub- 
stantial part of the total fluoride absorbed. Some may be lost by volati- 
lization. • 

(4) Organic fluorine compounds may be formed in the leaves. There is 
some evidence from partition studies in organic solvents that such coni- 
pounds are formed, but def lite substances have not been isolated, and their 
significance is unknown (Thomas & Hendricks, unpublished data; Zimmer- 
man & Hitchcock, 1956). It is well known that fluoracetate occurs in the 
poisonous African plant, gifblaar. It has been found to block the citric acid 
cycle by forming monofluorcitrate (Peters, Wakelin & Buffa, 1953). 

(5) Fluorides can inhibit certain plant enzymes in very low concentra- 
tions (Warburg & Christian, 1941). For example, plant enolase in vitro is 
measurably inhibited by 3 p.p.m. fluoride. McComUe & Saunders (1946) 
state that cholinesterase is inhibited by lOr^^M di-isopropyl fluorophospho- 
nate, whereas di-ammonium fluorophosphonate requires 10"^M to cause 
inhibition. Whether the latter fact has any bearing on fluorine toxicity in 
plants is not known, but it illustrates a large difference in biological effect due 
to a relatively small difference in structure. 

Soarces of fluorides 

The industries mainly responsible for emitting fluorides into the atmo- 
sphere are (a) aluminium reduction, (b) smelting of iron and non-ferrous 
ores, (c) ceramics, and (^0 phosphate reduction and phosphate fertilizers. 
The fluorides come principally by volatilization from the molten cryolite 
bath in the aluminium industry, and from impurities in the raw materials 
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in the others. Hydrogen fluoride and silicon tetrafluoride are released 
by high-temperature reactions involving water, silica and fluoride, and by 
treating with acid the fluorides always present in phosphate rock. Reduc- 
tion oi ^Aosphate rock liberates the fluorides as in the other high-temperature 
processes. 

Chronic fluoride problems have doubtless been present from the begin- 
ning of the aluminium and fertilizer industries, though there has been serious 
litigation in North America only in recent years. In Europe, fluoride injury 
was recognized SO years ago (Bredemann & Radeloff, 1937a, b; Haselhoff 
ct al., 1932; Radeloff, 1938). The non-ferrous smelting industry has escaped 
conr.plaints owing to the small fluoride output that is discharged through 
id/ stacks. In general, the caramic industry involves small units with 
limited fluoride output, which affects only the immediate locality. 

Remedial measures have been taken by nearly all the larger fluoride- 
emitting industries, in some cases at great cost. Most of the aluminium and 
fertilizer plants scrub their waste gases with water to remove at least 85 %- 
90 % of the gaseous fluoride. One aluminium plant has built a grearstaek 
SOO feet (about ISO m) high through which to discharge its gases, with 
forced draught and after scrubbing as necessary. Thus, many serious 
problems have been solved or minimized. Others remain. For example, 
the ceramic industry would be hard-pressed if required to process its stack 
gases for the removal of the small amount of fluoride emitted. Further, coal 
may contain from 8S to 295 p.p.m. fluoride (Churchill, Rowley & Martin, 
1948), which is largely emitted on combustion and adds to the contamination 
of urban atmospheres. 

Fluorides in the air 

Though fluoride is generally present in soils to the extent of several 
hundred parts per million, plants show little tendency to take it up, flrst, 
because of its insolubility and, secondly, because ^he fine roots have an 
effective mechanism for excluding it, esp3:^ially if the pH of the soil is high. 
Sodium fluoride is taken up rather readily bui, of course, it is rarely present. 
Uptake from the soil has been studied by Mclntire et al. (1949) and by 
Daines and his associates (Brennan, Leone & Daines, 1950; Daines, Leone 
& Brennan, 19S2; Leone ct al., 1948; Prince et al., 1949). Consequently, 
when a plant contains more than a few parts per million fluoride, atmospheric 
contamination is indicated. An exception is camelia, which took up 1500- 
2000 p.p.m. while peach took up 20 p.p.m. (Zimmerman & Hitchcock, 
1956). 

Large industrial sources of fluoride may release a few hundred to a few 
thousand pounds of gas and solids per day into the air. This may be 
compared with large industrial emissions of sulfur dioxide, which have 
ranged from about SO to over 1000 tons (calculated as elemental sulfur) per 
day. Consequently, whereas ground concentrations of sulfur dioxide are 



EFFECTS ON PLANTS 



247 



often in the parts per million range, those of fluoride would be in parts per 
thousand million. 

Only a limited number of air analyses for fluoride are found in the 
literature. Kehoe (1949) reported 3-6 p.p.t.m. in the atmosphere of 
Cincinnati. Largent (1949) found 0-29 p.p.t.m. near a superphosphate 
plant. At Fort William, Scotland (Agate et al., 1949), concentrations of 
9-140 p.p.t.m. were found between 100 yards and I mile (90-1600 m) 
down-wind from an aluminium plant. In this area the vegetation contained 
S-1000 p.p.m. Adams et al. (1952) made a systematic study near an 
aluminium plant near Spokane, Washington, in 1949-50. They found 
average eight-hour concentrations from 5 to 18 p.p.t.m. at 12 stations and 
maximum concentrations of 11-147 p.p.t.m. This area was re-sampled 
for over two weeks in July 1951 (Adams et al., 1956). Average concentra- 
tions at three locations ranged from 0.5 to 2.4 p.p.t.m., with a few four-hour 
maxima as high as 20 and 30 p.p.t.m. At that time this plant emitted its 
contaminants through louvers in the roof of the pot line buildings without 
any collection. A considerable area of ponderosa pine near the plant was 
killed (Miller et al., 1952). Of course, with the installation of scrubbing and 
collection devices, field concentrations have been greatly reduced, so that 
the foregoing values are much too high to be representative of current field 
concentrations adjacent to most of the large fluorine-emitting industries. 

Fluoride in the field 

Many field studies of the effects of fluorides on vegetation have been 
made. De Ong (1946) observed fluorine injury in a large orchard near an 
aluminium plant. Apricot, peach, prune, fig, and ap|:4e injury was described, 
including abscission of leaves and dropping of fruit. Miller, Johnson & 
Allmendinger (1948) analysed prune and gladk>lus leaves from industrial 
areas and found 500-600 p.p.m. in the foliage. Miller et al. (1952) observed 
injury to ponderosa pine due to fluorides. The current year's needles (1949) 
had 129 p.p.m. while the 1946 needles carried 462 p.p.m. fluoride. Mclntire 
et al. (1949) found up to 300 p.p.m. in the vegetation near aluminium and 
fertilizer plants in Tennessee. 

In 1952 Kaudy et al. (1955) surveyed the fluorine content of citrus in 
Southern California with particular reference to a large steel plant at 
Fontana. In 1954, Brewer, McCoUoch & Sutherland (1957) extended the 
study to the commercial vineyards which were visibly injured by hydrogen 
fluoride in that locality. In both surveys, appreciable levels of fluoride were 
found in the citrus and grape leaves, being greatest near the plant in the 
principal down-wind directions and falling ofi* with distance. The levels 
rose steadily as the growing season advanced. Maximum concentrations 
reached 21 1 p.p.m. (dry basis) in the spring cycle citrus leaves and462 p.p.m. 
in the grape leaves. In the grape fruit the maximum was 2.7 p.p.m. (fresh 
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weight basis). At 9 miles (14 km) to the north*east the levels reached 
114 p.p.m. in grape leaves and 0.7 p.p.m. in the fruit. In other directions 
concentrations were less. Citrus leaves still showed 25 p.p.m. at a distance 
of 20 miles (32 km) to the west. In remote parts of the Los Angeles area, 
concentrations were about 1 p.p.m. in citrus, though in one heavily industria- 
lized district as much as 57 p.p.m. were present from local sources. 

Allmendinger, Miller & Johnson (1950) found that spraying the plants 
with lime gave rather effective protection from hydrogen fluoride fumiga- 
tions, reducing the percentage of leaf destruction by a factor of 5 to 10. 
From 74 % to 94 % of the fluoride taken up could be washed from the sur- 
face of leaves, owing to its having reacted with the lime. 

Dcscripdon of lesions 

Acute fluoride lesions on plants are quite characteristic, but are not the 
same in all species. The lesions vary also according to the gas concentration 
and length of exposure that produce them. High concentrations in the 
parts per million range with short period of exposures in the hour range 
produce lesions closely resembling those caused by sulfur dioxide. Such 
fumigations are unrealistic, however, since hydrogen fluoride concentrations 
in the field seldom exceed a few parts per thousand million. Lesions pro- 
duced by prolonged exposures to low concentrations in the parts per thou- 
sand million or even the parts per ten thousand million range are of 
greatest interest. The following discussion is concerned with this type of 
fumigation. 

Injury to gladiolus starts at the tip, and gradually extends u«^f%/* the blade 
as ivory-coloured necrotic tissue sometimes streaked with brown. A some- 
what uniform front with a very narrow chlorotic band between the healthy 
and necrotic tissue is usually maintained. Islands of injured tissue sur- 
rounded by healthy tissue do not occur except with high fluoride concentra- 
tions. The pattern is similar on iris and the small grains. The current year's 
needles on pine, which are the most sensitive, are also similarly injured, 
except that the necrotic tissue is reddish brown. In apricot, prune, peach, 
grape, and other netted leaves, the injury is marginal with a sharp line of 
demarcation between healthy and necrotic tissue. At times the narrow 
transitional area is red. In the peach, the necrotic areas tend to become 
detached, leaving the kaf apparently healthy except for reduced size and a 
serrated edge. Abscission of the leaves of the fruit trees occui^ readily even 
with moderate amounts of leaf d^truction. 

A diflerent type of injury is produced on maize, consisting of a kind of 
mottled interveinal chlorosis, usually without marginal necrosis, since trans- 
location of the element to the margins is very slow. It is often diflicult to 
distinguish the fluoride symptoms from the discolorations due to incipient 
maturity. 



PLATE 2 




Fig. 7. Fluoride injury on Dutch iris Fig. 8. Fluoride injury on loquat 



Acknowledgement ts made on page 275 to the persons who furnished the above coloured photographs. 
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In the dahlia, the very young leaves may be injured while emerging from 
their buds or while expanding rapidly. When mis occurs they become almost 
black. More recently, similar lesions on young citrus and avocado leaves 
following exposure to about 5-10 p.p.t.m. hydrogen fluoride for several 
weeks were seen at Riverside, California. The result was nearly complete 
defoliation of the new shoots, whereas the cider leaves were uianjured. 

Large Washington navel orange trees, after 8-9 months' exposure to 
about 2 p.p.t.m. hydrogen fluoride, formed as many new shoots as the 
controls, but the shoots were less vigorous with shorter internodes and smal- 
ler leaves. Later these effects were hardly noticeable. Some of the young 
leaves showed tip necrosis and abscissed quickly. Interference with the 
development of new shoots thus appears to be a possible eff^ect on many 
plants due to prolonged exposure to hydrogen fluoride in the p.p.t.m. range. 

The petals of flowers are usually more resistant than the leaves. This is 
definitely true of gladiolus, though the petals can be injured by somewhat 
elevated concentrations. The petals of petunia are more easily injured than 

the leaves. , . 

The European literature (Kotte, 1929; Radeloff, 1938) ascribed mjury 
to the apical part of early plum and pear fruit to fluoride. Local softening 
of the tissue was involved^ Injury to fruit due to atmospheric fluorides has 
not been reported in the USA other than by Griffin h Bayles (195:), who 
noted chocolate brown spots at the apical end of peaches together with split 
suture on trees that had been fumigated with an average concentration of 
390 p.p.t.m. b /drogen fluoride (maximum 1460 p.p.t.m.) for 20.5 hours. 

Anderson (1956) described the eff*ects of fluoride sprays or peaches as 
follows: 

Sodium fluosilicate was experimented with for the control of bacterial spot of peach. 
While these sprays have been abandoned as peach spiiys. the pecuUar injury produced is 
of some interest. The condition brought about by ti; ie sprays was called "soft 
suture " and resembles in many respects the virus disease ot . -ich known as " red suture . 
The fruit matures seve-al days ahead of normal ripening. Tl.e suture takes on a yellowish- 
red to deep-red colour and softens even while the remainder of the fruit is quite firm. No 
decided difference in the taste of the fruit is noted, but the soft suture is ^ily bruised and 
the fruit becomes unsightly. 

Benson (1959) has ascribed ** soft suture " on peaches near Wenatchee, 
Washington, to gaseous fluoride or cryolite fumes from an aluminium plant. 
Extensive economic damage to the crops was noted^ The fluoride content 
of the affe<^ fruit peel was low (about 15-20 p.p.m.). The leaves had 
44-112 p.p.m. Soft suture could be prevented by spraying the trees ^ith 
lime, which evidently absorbed the fluoride on the leaf and fruit surfaces 
and also increased their calcium content. 

Daines et al. (1952) noticed injury to peach foliage at some locatiofts in 
New Jersey which was similar to that caused by fluoride sprays. Loss of 
crop due to poor set orderly fruit drop was complained of by the growers. 
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Methods of analysis for fluoride 

Definite diagnosis of fluoride exposure is readily accomplished by 
analysis of the air and vegetation. Methods of analysis are now available 
which are capable of giving reliable results. Some of the earlier work is 
probably unreliable. Nichol et al. (1957) discuss in detail field sampling of 
vegetation for fluoride analysis. These methods are particularly essential in 
forage sampling for the diagnosis of animal injury. 

FliKiride in vegetation 

In the method employed by the Stanford Research Institute (Remmert 
et ah, 1953), a large representative sample of vegetation, is dried and ground 
in a Wylie mill. In some laboratories ♦he sample is treated with a known 
amount of fluorine*free lime before drying. A 5-g aliquot of the meal, 
containing lime or magnesia, is treated with water in an inconel dish, dried, 
and ashed at 600"* C. The ash is fused with 5 g sodium hydroxide. The melt 
is dissolved in water and transferred to a distilling flask, from which the 
fluoride is steam-distilled at 135 C with perchloric acid or at 150°C with 
sulfuric acid (Smith & Parks, 1955), the final volume of the distillate being 
500 ml. 

A 200-ml aliquot of the distillate may be conveniently titrated with 
thorium nitrate (1 ml 100 [xg of fluoride) in a 250-ml Erlenmeyer flask. 
One ml of 0.05 % alizarin red solution is added to the flask. The colour is 
adjusted to neutrality by adding from burettes either 0.05 N perchloric acid 
or 0.05 N sodium hydroxide. Then 1 ml of a fresh 9.5 % monochloracetic 
acid solution containing 2 % sodium hydroxide is added to stabilize the pH 
at 3.0. The solution is titrated with thorium nitrate and compared with 
another flask containing distilled water similariy treated, to which 0.16 ml of 
the thorium solution has been added to give a faint pink colour. Colouf^ 
changes due to 0.01 ml of titrant can be detected with a daylight fluorescent 
light and a table top of white glass and/or a large piece of filter paper. 

In an alternative method extensively used in the author's former labora- 
tory at the American Smelting and Refining Co., Salt Lake City, the large 
fresh sample is cut into small pieces with scissors, and a representative portion 
of about 20-30 g is homogenized in a Waring blendor with water and 20 ml 
of 5 % lime suspension. The slurry is transferred to a 2^ml wide-mouth 
screw-cap bottle for storage, with a drop of toluene added as preservative. 
Fot analysis the ground sample is made up to 300 or 500 ml volume, 
placed in a large beaker and stirred mechanically white aliquots are drawn 
out, usiug unconstricted pipettes of 50- and 80-ml capacity. One 50-ml por- 
tion is placed in a weighing dish for dry matter determination, and 50- and 
80-ml portions are placed in I25-ml nickel crucibles for analysis. The latter 
are dried, then ashed at 600*^ C; the ash is fused with 5 g sodium hydroxide, 
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dissolved and steam-distilled as before. The remainder of the slurry is 
retained for additional analyses, if necessary. 

The distillate may be titrated by adjusting a 200-ml aliquot to pH 3.3, 
using a pH meter and transferring to a 250-ml graduated cylinder covered 
on the outside with black matte paper and black insulating Scotch tape. 
One ml of 0.032% chrome azurol-S solution is added, and the solution is 
titrated against a distilled water blank in another cylinder, to which 0.02 ml 
of thorium nitrate is added after adjusting to pH 3.3. Illumination is from 
below over a fluorescent lamp in a box with a white glass cover. The solu- 
tion is stirred during titration with a glass tube having a flat disk on the end. 
The end point is very sharp. In fact, small amounts of fluoride are generally 
titrated with thorium nitrate solution equivalent to 10 (xg/ml for increased 
sensitivity. 

Air samples are usually taken by aspirating distilled water at 1 cu.ft/min, 
(0.028 m') for periods up to 24 hours in large impinger botths. Allowance 
for evaporation must be made and the volume of liquid should not be allowed 
to decrease below about 150 ml. The fluoride in these solutions may be 
concentrated and separated from any contamination by the ion exchange 
method of Nielsen & Dangerfield (1955) in preparation for the conventional 
thorium nitrate titration. 

An application of the accumulating sulfur dioxide autometer has been 
described for the automatic collectiofi of samples for fluoride (Thomas et aL, 
1952). The solutions having a volume of 100 ml are aspirated at 
0.5 cu.ft/min. for three hours, then discharged into polyethylene bottles on a 
tumtabk. Direct titration of the solutions is usually possible, but interfer- 
ing contamination may sometimes be present, and it is advisable to distil 
them. A sample can be added to the distillation flask containing perchloric 
acid, 200 ml steam-distilled out, then another sample added without chang- 
ing the acid. Many more samples can be distilled from the same acid. With 
a battery of stills, a large number of distillations can be conveniently carried 
out in this way. 

Fumigation experiments 

Early fumigations with hydrogen fluoride were done at concentrations 
from about 0.05 to 2 p.p.m. (Daines et al., 1952; Griflin & Bayles, 1952; 
^Zimmerman, 1949). Field conditions were not simulated. Compton & 
Remmcrt (personal communication, 1950) were the first to investigate the 
range below 14 p.p.t.m., producing characteristk; lesions on gladiolus with 
these low concentrations. A five-week fumigation treatment at an average 
of 0.1 p.p.t.m. injured the tips of gladiolus for a distance of about 1 inch 
(2.5 cm) and increased the fluoride content o*^ the tip to 148 p.p.m. for a 
length of 3 inches (7.5 cm). Appreciable injury developed in a few days with 
1-2 p.p.t.m., and 4 inches (10 cm) of injury were produced by 10 p.p.t.m. 
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in 22 hours, the injured tissue containing 297 p.p.m. fluorine. These results 
have been confirmed by other investigators. 

Extensive Tumigation experiments with low concentrations of hydrogen 
fluoride have been carried out by the Boycc Thompson Institute (Zimmer- 
man, personal communication, 1953; Zimmerman & Hitchcock, 1956), Wa- 
shington State College (Adams, Applegate & Hendrix, the 1957), the Stanford 
Research Institute (Benedict & Brcen, 1955), and the American Smelting 
and Refining Company (Thomas & Hendricks, 1956). This last-mentioned 
work has defined the susceptibility of many species to hydrogen fluoride. 
Table 4 summarizes these results so far as they are available. The Boycc 
Thompson data arc based on seven- to niae-day f umigation periods. If injury 
occurred with less than 5 p.p.t.m., the plant was considered sensitive; with 
5-IOp.p.t.m., intermediate; and with more than 10 p.p.t.m., resistant. The 
data from other laboratories were evaluated using these criteria, if possible. 

It is seen that the number of plants that may be considered to be very 
sensitive is small. In the field these arc usually the only plants that are 

TABLE 5 

AVERAGE EXPOSURES AND FOLIAR FLUORIDE CONCENTRATIONS 

AT THREE HYDROGEN FLUORIDE FUMIGATION LEVELS. 
ALL OF WHICH CAUSED INCIPIENT FOUAR INJURY IN DAYLIGHT 





1.5 p.p.t.m. 


5 p.p.t.m. 


10 p.p.t.m. 


A/«ns« 


Pitnu 




















t.c.a 


p.p.m. 5 


t.c.a 


p.p.m. 5 


tx.a 


p.p.m. 5 


t.c.a 


p p m.6 


Gladiolus 


97 


37 


119 


46 


137 


57 


118 


47 


Blueberry 


97 


53 


92 


72 


118 


64 


103 


63 


Larch 


107 


53 


119 


147 


118 


106 


115 


102 , 


Pine* ponderosa. 
















lodsepole* white 


438 


61 


258 


77 


243 


65 


313 


67 


Rhododendron 


438 


61 


258 


77 


243 


65 


313 


67 


Arbor vitae 


318 


138 


286 


104 






301 


121 


Apricot, cherry, 
















peach, prune 


246 


69 


172 


79 


194 


109 


187 


86 


Apples • 4 varieties 


302 


179 


379 


183 


346 


163 


343 


175 


^ Lilac 


138 


123 


248 


216 






193 


175 


Elm, mulberry, 














willow, maple 


246 


217 


313 


231 


300 


215 


280 


223 


Corn 






747 


178 


496 


47 


622 


113 


^^■^tSl-ape 






252 


138 


344 




'^298 


130 


Squash 






631 


134 


421 


t79 


526 


157 


Sweet pea 


313 


327 


307 


148 


374 


141 


335 


205 


Raspberry 


306 


243 


306 


216 


183 


162 


265 


207 


Pepper 


218 


149 


274 


203 


188 


244 


227 


199 


Tomato 






327 


278 


302 


207 


315 


243 


Carrot 


284 


323 


398 


723 


425 


307 


369 


451 



Soyfxc: Adiimt« Appl«cat« A Hmdri^c (1fS7). 

a Hours of •npotun tim* X p.p.t.m. hydrofan flyorid*. 
b FItforld* in Imvm, dry buis. 
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injured. There may be a large range of susceptibility among varieties of a 
single species. This is true of gladiolus, grape, apricot, corn, and sweet 
potato. In some of these plants the most sensitive variety may absorb less 
fluoride than the resistant variety. For example, the Algonquin variety of 
gladiolus with 7% leaf injury absorbed 611 p.p.m. fluorine, while the 
Shirley Temple variety with 54 % injury absorbed only 138 p.p.m. 

Table 5 is a rearrangement of fumigation data by Adams et al. (1957) 
giving (a) the exposure factor " as the summation of the number of hours 
of daylight fumigation times the concentration of hydrogen fluoride in parts 
per thousand million, and (b) the fluoride content of the foliage in parts per 
million dry basis, for 29 diticrent plants at the time when incipient injury 
occurred. Other plants that were not injured are not included in this table. 

TABLE 6 

AVERAGE EXPOSURES AND FOLIAR FLUORIDE CONCENTRATtONS 
AT TWO HYDROGEN FLUORIDE FUHIGATION LEVELS WHICH CAUSED 
INCIPIENT FOUAR INJURY IN THE DARK 



Ptiflt 


1.S p.p.tM. 


S p.p.cm. 




t.ca 


p.p.m.6 


ce.a 


p.p.fn.5 


t.ca 


p.p.fn.6 


Gladiolus 


82 


S9 


122 


44 


102 


52 


Blueberry 


82 


34 


288 


103 


18S 


69 


Urch 


82 


62 


83 


73 


83 


68 


Pine» ponderosa. 














lodgepole, white 






222 


61 


222 


61 


Apricot, cherry. 














peach, pntne 


320 


69 


294 


74 


307 


72 


Apple • 3 varieties 


336 


72 


486 


106 


406 


89 


Elm, mulberry, willow 


IIS 


68 


292 


8S 


204 


77 


Grape 


362 


SI 


S22 


84 


442 


68 


Raspberry 


163 


88 






163 


88 


Pepper 


188 


136 






188 


136 


Carrot 


188 


250 


430 


309 


309 


280 



Soyr«: Adamt. Applcgac* h Hwidrix <19S7). 

a Hours of cxposun tim* X p.p.t.iii. hydrofcn fluorid*. 
b Fluoride in iwim, dry buis. 



Table 6 contains similar data for fumigations in the dark. The 1. 5 p.p.t.m. 
fumigations were applied eight hours per day, five days each week. The 
S p.p.t.m. and 10 p.p.t.m. fumigations were applied twice a week, eight and 
four hours per day respectively. The exposures (£ c.t.) were thus approxi- 
mately equal in the three levels of fumigation. All ft migations were done 
in the day-time, but the cabinets were masked for the dark fumigations. 

The most sensitive plants, such as gladiolus, had small exposure factors, 
and small amounts of fluoride in the leaves caused injury. The opposite 
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was true of the most resistant plants. Some species required a large exposure 
factor to take up the small amount of gas that caused injury, indicating a 
very slow rate of uptake, but considerable sensitivity to the absorbed 
fluoride. Corn is an extreme example of this type of plant. It exhibits a 
special type of lesion as already described. The different varieties of corn 
show a wide range of sensitivity (see Table 4), indicating possible different 
rates of uptake of the gas. The pines behave similarly. Young pine needles, 
which are very sensitive to hydrogen fluoride, probably take up the gas more 
rapidly than older needles. 

Adams et aK (1957) made the following additional observations which 
are statistically significant: 

(1) Injury appeared on the various species at about half the foliar 
fluoride level in the dark as in the light, but the exposure factor necessary to 
cause injury in the dark was 91 % of that in the light. 

(2) Injury appeared in the 1.5 p.p.t.m. fumigation with about 70 % of 
the exposure factor that caused injury in the 5 p.p.t.m* fumigation. The 
latter, in turn, required 107 % of the 10 p.pa.m. exposure factor to cause 
injury. 

biosynthesis and respintion 

In view of the great susceptibility of some species and the resistance of 
others, it is important to know whether fluoride interferes with the physio- 
logical activity of the plant when it does not cause visible lesions. An 
excellent yardstick for such activity is furnished by measurement of photo- 
synthesis and respiration of the plants before, during, and after the fumiga- 
tion treatment. This is readily accomplished with the automatic carbon 
dioxide analysers. Preliminary work on these measurements was carried 
out by the author and H. Hendricks at the American Smelting and 
Refining Company (Thomas, 1956; Thomas & Hendricks, 1956). 

Fumigation of several plant species with hydrogen fluoride with simul- 
taneous measurement of the carbon dioxide exchange indicated th^ there 
was a threshold concentration for each plant below which no interference 
with photosynthesis occurred, and above which photosynthesis was affected, 
even though no lesions were produced on the leaves* In an experiment with 
Surfside gladiolus, fumigations were applied at 1-10 p*pa.m., about seven 
hours per day and five days per week for nearly two months. Injury to the 
blades was produced starting at t4ie tip and extending gradually down the 
blade until 40 %-45 % of the area was destroyed. The assimilation rate fell 
off* at the same rate as the leaf area was destroyed (Fig. 1) until it was reduced 
by 38 %-46 %. Evidently the green tissue remained fully functional until it 
was killed as shown by the advancing necrotic front, suggesting the absence 
of invisible injury even though a great deal of visible injury occurred. 

Consideration of the fumigation details listed in Fig. 1 indicates that 
there was a sudden 12 % decrease in the rate of photosynthesis on 28 August 
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following a concentration of 9,8 p.p.t.m. on 27 August. With the fumiga- 
tions remaining between 2 and 7 p,p,t,m. during the subsequent two weeks, 
this excessive decline was arrested and a slope corresponding to the rate of 
increase in leaf destruction was re-established. A smaller similar effect 
followed the 10.4 p.p.t.m. fumigation on 14 September. The leaf area 
destroyed did not increase appreciably after 25 September, and even the 
10-13 p.p.t.m, fumigations after 1 October had little effect on either photo- 
synthesis or leaf destruction. Possibly the resistance of the plant was 
increased either by maturity or low temperatures at that time. Similar 
results were obtained in several other comparable experiments with gladiolus. 
It is likely that the threshold for this variety of gladiolus is about 6- 
7 p.p.t.m. in August and September, certainly less than 10 p,p.t.m,, with 
these intermittent fumigations. 

A number of fumigations were carried out with several crops, using sub- 
threshold concentrations of hydrogen fluoride. These are summarized in 

FIG. 1 

DAILY CARBON ASSIMILATION BY A GLADIOLUS PLOT 
FUMIGATED WITH HYDROGEN FLUORIDE 
EXPRESSED AS PERCENTAGE OF A CONTROL PLOT, 
COMPARED W»TH REDUCTION OF LEAF AREA DUE TO FUMIGATION 
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SURFSIDE GUDIOLUS 1953 



FUM. DATA 

MRS/ CONG. 

2.2 



DATE DAY 



AUG. 10 
11 
12 
13 
U 
17 
18 
19 
20 
21 
27 
28 
31 



7.1 
6J 
6.4 
8,7 
7.1 
9.1 
9.2 
6.8 
7.0 
6.5 
8.2 
7.7 
7.2 



2.0 
1.3 
1.0 
0.8 
2.2 
0.8 
1.2 
1.5 
1.3 
9.8 
6.3 
6.2 



SEPT. 1 7.2 1.7 

2 6.4 2.4 

3 7.2 2.0 

4 6.6 2.f 
8 7.8 6.0 



FUM. DATA 

DATE 1«V"f^' 
DAY p.p,t.m. 

SEPT. 9 8.7 3.2 
10 6.0 7.0 



11 
14 



16 6.5 

17 6.8 



18 6.^ 
21 



6.8 4.0 
6.3 10.4 
3.6 
4.6 



3.7 



22 6.7 

23 6.8 



24 5.8 

25 6.4 
30 6.6 



6.0 3.6 
1.8 
1.9 



2.1 
2.1 
2.0 



.9 



OCT. 1 
2 
5 

7 
8 
9 



2.2 10.2 

5.6 n.2 

5.5 12.1 

5.6 13.2 
5.9 9.9 
6.1 8.4 
6.1 9.0 



27 
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26 
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15 

OCT. 



25 



• DAYS WITHOUT FUMIGATION 
® DAYS WITH FUMIGATION 
X PERCENTAGE UNINJURED LEAF 
AREA ON FUMIGATED PLOT 
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TABLE 7 

EFFECT OF FUMIGATION WITH RELATIVELY LOW CONCENTRATIONS 
OF HYDROGEN FLUORIDE ON THE PHOTOSYNTHESIS OF PLANTS 



mot 




HF 

DufMiofl ' 
(hours) 


Cofictfl 

Maximum 
p.p.t.m. 


craciOfl 

Averafc 

p.p. cm. 


Phocosynchesis 
/Fum- PIpt \ 
\Check PJpt/ 

RtductiQfl du« 
tQ fumigstiQn 

% 


Leaf area 
descrgycd 


19S0-B3 


Fruit trees 


183 


9.0 


2.6 


14 


10 


1950-64 


•• *• 


39 


15.0 


4.8 


2 


<5 


19S1-B3 




8 


4.0 


3.9 


0 


0 


19S2-C3 


Gladiolus, Surfside 


S3 


11.3 


6.5 


15 


15 


19S204 




44 


9.8 


6.4 


28 


30 


1953-B3 




205 


13.2 


4.5 


45 


44 


19S^D3 


tt tt 


128 


33.4 


5.7 


20 


22 


1953-A1 


, " Ailadin 


30 


5.1 


3.9 


0 


3 


19S3-C2 


** Algonquin 


111 


7.1 


4.3 


2 


3 


19S3-D4 


" Com- 














mander 














" KochI 


42 


10.2 


5.5 


0 


3 


10-2 


Mixed grain 


10 


200 


145 


0 


Trace 


19S1-D4 


Cotton 


77 


692 


237 


0 


Trace 


19S2.A4 


Cotton 


138 


33 


17 


0 


0 



a ^umifaciofit 4-f hours p*r day. 



Table 7. It is evident that reduction in photosynthesis and leaf destruction 
are nearly equal so long as the threshold is not exceeded. 

When higher concentrations of hydrogen fluoride were used on gladiolus, 
effects like those shown in Fig. 2 were obtained— viz., a sharp reduction 
in the photosynthetic level followed by a rise to the level anticipated from 
the amount of acute injury incurred. Similar curves have been obtained 
with alfalfa fumigated with 250-1000 p.p.t.m. for a few hours (Fig. 3), also 
with young barley and fruit trees at about 50 p.p.t.m. With cotton, con- 
centrations up to 1100 p.p.t.m. had only a very slight effect on photo- 
synthesis, in accord with the great resistance of this plant (Fig. 4). As much 
as 5000 p.p.m. fluoride has been found in the leaves of apparently uninjured 
cotton. 

The reduction of photosynthesis below the level expected from the 
amount of leaf destruction can properly be called " invisible injury The 
effect is similar to that shown in comparable sulfur dioxide fumigations 
ex<^pt that the recovery from the high fluoride treatment is slower than from 
the sulfur dioxide. In the latter case it is only necessary to oxidize the 
absorbed sulfite to sulfate to remove the toxic material, a process that usually 
reaches completion in the leaves in a few hours. I^luoridc toxicity in the 
tissues must be reduced by translocation of the element to limited areas of 
concentration in the margins and tips of the leaves which may be killed, while 
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FIG. 2 

EFFECT OF RELATIVELY LOW CONCENTRATIONS OF HYDROGEN FLUORIDE 
ON THE TOTAL DAILY CARBON ASSIMILATION OF GLADIOLUS 



ALGONQUIN 1952 

FUMIGATED PLOT B, 
CHECK PLOT B, 



SNOW PRINCESS 1951 

FUMIGATED PLOT D, 
CHECK PLOT Da 




MORE THAN 
\€% LEAF AREA 
DESTROYED 



20 30 

JUNE 



SEPT.* 



only non-toxic concentrations remain in the body of the leaves. This requires 
time. Table 8 gives an analysis of the data for the fumigations with high 
concentrations that caused interference with the photosynthesis of the un- 
marked areas of the leaves. Complete recovery from these temporary 
eiTects of the gas required from 4 to 25 days and was equivalent to total 
cessation of assimilation for 0.2 to 3.8 days. The latter estimates were made 
by finding the average suppression of assimilation below that indicated by 
the leaf destruction and multiplying by the time required for complete re- 
covery. They actually represent only a few per cent of the total photosynthesis 
of the crop. Multiple severe fumigations might cause extensive inter- 
ference with the plant growth. 

It_is evident that a satisfactory basis for estimation of crop losses due to 
^ fluoride^ might be established on the principles suggested in the foregoing 
work. With knowledge of the fluoride concentrations in the field and the 
threshold values for the crops concerned, visible and invisible injury could 
b^' evaluated. This would entail intensive experimental work with the 
various crops. Fortunately only a few crops are sensitive in the parts per 
thousand million range, so that the problem would be definitely limited. 
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FIG. 3 

EFFECT OF RELATIVELY HIGH CONCENTRATIONS OF HYDROGEN FLUORIDE 
ON THE TOTAL DAILY CARBON ASSIMILATION OF Ai-FALFA AND BARLEY 

YOUNG BARLEY 195G 



ALFALFA 19S0 
FUMIGATED PLOT 6-11 
CHECK PLOT 6-10 



FUMIGATED PLOT D4 
CHECK PLOT D2 




20 30 

AUG. 

Smog^ 

The word " smog " has become synonymous with urban air pollution. 
Involving reduction in visibility due to a mixture of smoke and fog, smog 
gives an accurate description of the pollution in many cities, large and small, 
which bum coal and have a good deal of fog, e.g., London. Appreciable 
levels of sulfur dioxide and other gaseous products due to incomplete 
combustion of the coal are generally present together with soot, grime, and 
ash. In the lethal London smog of December 1952 (Wilkins, 1954), maxi- 
mum valuer of 1.34 p.p.m. sulfur dioxide and 4.5 mglrv? of aerosols, as 
averages of the peak 48-hour sampling period, were measured. There is a 
wealth of data on the levels of these two constituents as they have appeared 
in many English and American cities, but there are hardly any determinations 
of other pollutants such as sulfuric acid aerosol, oxides of nitrogen, fluorides, 
and organic compounds— all of which might be very important. 

The London smog 

The phytotoxicity of London smog is generally believed to be due largely 
to its sulfur dioxid^content. Metcalfe (1953) stated that although the cver- 

« For illuntraiions of typicil lesions on a number of plants caused by ethylene, photo- 
chemical smog (probably pefoxyacetyl nitrite, PAN) and ozone, sec Plates 3 and 4 (facmg 
pages 264 and 272). 
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FIG. 4 

PHOTOSYNTHESIS AND RESPIRATION OF COTTON OVER A 10-DAY PERIOD 
DURING WHICH FOUR FUMIGATIONS WITH HYDROGEN FLUORIDE WERE APPUED 



COTTON 1950 




greens near kIw Gardens had become stunted owing to deposition of soot 
on the leaves, as some ol<ter work by Rushton (1921), Rhine (1924), and 
many others would suggest, the more acute symptoms of ill health were due 
to toxic substances in the atmosphere rather than to reduction of the light 
by the surface deposit. 
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Examples of these acute symptoms arc the shedding of flowers and leaves of begonia 
and many other plants. . . the blackening and death of buds and flowers of certain orchids, 
notably Calanthes, the scorching of the* foliage of cinerarias and primulas and the almost 
complete destruction of such plants as Coleus blumei . . . 

Experimental fumigaiions at Kew with low concc rations of sulfur 
dioxide comparable *n concentrations in London air are said to give symp- _ 
toms similar to those- exhibited by the same species during foggy weather 
** provided the atmosphere is sufficiently moist and the temperature suflfi- 
ciently high''. The severity of the effects increased with increasing sulfur 
dioxide concentration. 

The question arises whether the ignoiliig of other constituents of the 
smog mixture is justified. It should be pointed out that some of the symp- 
toms described are more characteristic of other pollutantsjuch as ethylene, 
organic bases such as acridine or perhaps hydrogen fluoride than of sulfur 
dioxide. However, as Metcalfe suggest^,_the latter doubtless is a very 
im r»nant contributor to the phytotoxicity of the I ondon smog because of 
its hi^ concentration. 

Bleasdale (1952a, b) in Manchester worked with a rye grass Lolium 
pereme (Aberystwyth S 23) and oteerved a definitely retarded growth in 
the open atmosphere or in the greeohorse as compared with a greenhouse 
supplied witb air scrubbed by water sprays. No evidence of acute leaf 
damage was^ seen in the greenhouse with unscrubbed air, but Ifie rate of 
senescence of the plants was greater than in washed air. Rate of tiller 
formpHon and number of leaves as well asury weight were reduced by the 
pollution. Evidently the processes of cell division and cell development 
are affected along with photosynthesis. In one experi men t the pollution 
reduced the numbers of tillers and leaves by 54% and44% respectively, 
while the dry weight was reduced by 33%. 

The fertility of the soil was also important. In one of the local infertile 
soils, polluted air reduced by 37% the dry weight of plants grown in April 
and May. After addition of mineral fertilizer to this soilr the same yield 
was obtained in polluted air as in scrubbed air. When the experiment was 
iipeated in June and July, the corresponding dry weights in the polluted 
air were reduced by 57% and 33%, respectively, below those in scrubbed 
air. The average daily sulfur dioxidt concenttations were approximately 
equivalent in all the foregoing experiments, and nearly all were less than 
O.l p.p.m. In the last experiment, the relative humidity of the polluted 
air was raised by a spray and some sulfur dioxide was washed out. 

In a final experiment with rye grass, carried out from November 1951 
to February 1952, some of the plants were in cither scrubbed or polluted 
air only during the night (4.30 p.m,-8.30 a.m.). The location of these 
plants was reversed during the day. Other plants were in either scrubbed 
or polluted air continuously. The dry weights of the four groups are given 
in TaWe9. 
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Table 9 indicates that it is advantageous to expose the plants to un- 
scrubbed polluted air during the day or during the mght, but not con- 
tinuously. The amount of dead tissue on the plants at harvest was only 
6%-8% of the total dry matter. The effect of the pollution in hastening 
senescence was therefore slight, though large with regard to percentage. 

The sulfur dioxide concentrations in this experiment were considerably 
higher than in the others. The average for 1 18 days covering this period 
was 0. 12 p.p.m.^h six days between 0.3 and 0.5 p.p.m. In the unscrubbed 

TABLE 9 

YIELD OF RYE GRASS AFTER VARIOUS DAY (D) 
AND NIGHT (N) EXPOSURES TO SCRUBBED (S) 
AND POLLUTED (P) AIR DURING WINTER OF 19S1-52 



Day trucfiicnc 



SD. SN 



Nisht tr«>£nt«fic 
SN PN SN PN 

Cmn ciutt* Dud ciuu* 

Dry wcifhc mf/pUnc 



SD 
PD 


53:f: 3 
62 db 3 


62 4 3 
44±3 


\3 ± 0.2 
4.1 ± - 


4.7 ± 0.2 
4.1 ± 0.1 




Change due to iwlk'ion. % 


SD. PN — SD, SN 


+ 17 


+ 43 


SD« SN 
PD, SN — SD, SN 


+ 17 


+ 24 


SD, SN 
PD, PN — S: , SN 




17 


+ 24 



Source: Sleasdale (1952 a, b). 

greenhouse, with its humidifying sprays, the average for 114 days v^as 0.06 
p.p.m. with fiVfe days between 0.2 and 0.3 p.p.m. The reason for the in- 
creased growth of the plants exposed intermittently to unscrubbed air is not 
apparent. Increased growth in sublethal sulfur dioxide fumigations has 
not been observed except when the plants were sulfur deficient. 

Mention has already been made of Bleasdale's explanation for the 
apparently beneficial effect of inte rmittenX^x^ilures — viz., the sulfurous 
acid stimulates the production of suTT^dryl groups but suppresses their 
activity if present continuously. When the sulfur dioxide is removed, the 
elevated level of sulfhydryl groups results in increased cell division and 
growth. 

The possibility remains that other pollutants in addition to sui " 
dioxide participated in producing the effects described. It would be of 
interest to repeat the experiments, supplementing them by the use of carbon- 
filtered air, with and without known concentrations of sulfur dioxide. 



PLATE 3 





Fig. 9. Silver leaf on lower surface of Swiss chard Fig. 10. . Silver leaf on lower surface of spinach due 
due to photochemical smog to photochemical smog 





Fig. 1 1 . Severe lower surface smog damage 
to spinach 



Fig. 12. Bands on Avena fatua (wild cats) from 
multiple exposures to photochemical smog 





Fig. 13. Smog damage on orchid 
(dry sepal) pro^bly due to ethylene 



Fig. 14. Dry sepals of orchids 
probably due to ethylene 



Acknowledgement is made on page 27S to the persons who furnished the above coloured photographs. 



I-FFECTS ON PLANTS 



255 



Los Angeles type smog 

The Los Angeles type smog is radically different from the London type. 
In fact, the word " smog " is a misnoifier in the case of Los Angeles because^ 
usually, neither ordinary smoke nor fog is present, owing to the use of 
smokeless fuels in an essentially desert area. The pollution of this area 
arises largely from photochemical reactions between oxides of nitrogen 
and organic vapours, both derived from the incomplete combustion pro- 
cesses of industry, automotive traffic and incinerators, and also from gasoline 
evaporated directly into the atmosphere (Haagen-Smit, 1952; Haagen-Smit 
& Fox, 19S6). Of course, many other inorganic and organic substances 
are present in addition (Los Angeles Air Pollution Control District, 1951; 
Stanford Research Institute, 19S4). 

The phytotoxicity of this smog is very striking, particularly on the so- 
called *' salad crops " — i.e., spinach, ropriaine, endive— and also on table 
beets, Swiss chard, and celery. Characterii»tic lesions are produced. First 
there is a silvering or bronzing of theJbwer epidermis, due to collapse 
of the sutvepidermal cells. Later the injury may extend through the leaf, 
giving white or spotted <K>llaps^ areas on the upper surface. An excellent 
group of photographs in colour, illustrating smog injury, is given by 
Middleton et al. (19S6). 

The phytotoxicants in the smog have been under investigation for many 
years. Apart from ozone, which, as is indicated later, does not cause 
typical smog lesions, none were found which produced lesions at the 
concentrations present in the smog. It was assumed that the smog effects 
were caused by the mixture of oxidants. Even Compound X, peroxyacety! 
nitrite (or nitrate), or PAN, prepared by the Franklin Institute (Stephens 
et al., 1956a, b), did not appear to be highly phytotoxic. This substance, 
identical in infra-red spectrum with that isolated from smog (Stephens 
et al,^ 1960), has been prepared in quantity by photochemical reaction 
between n-butene and nitrogen dioxide, purified by freeze out and gas 
chromatographic techniques, then diluted with nitrogen to known concen- 
tration and stored under pressure for controlled fumigation experiments. 
It has a halMife of about 13 hours. It is a powerful eye irritant. Plant 
studies with PAN (Taylor et al., 1960) indicate great phytotoxicity for 
herbaceous plants such as pinto bean, the ** salad crops petunia and 
many others. Typical smog-type lesions on petunia are produced by 
0.05 p.p.m. in about four hours. Evidently this compound is a significant 
component of the smog mixture. 

Bobrov has studied the injury process in detail, using hand-sectioning 
of the fresh material and staining by thionine and other dyes to facilitate 
the observations (Bobrov, 1952a, b, 1955; Glater, 1956; Los Angeles 
Country Air Pollution Control District, 1951). Her description is of great 
interest. As the first response, 

18 • 
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...the lower epidermis is raised in tiny blisters, which, enclose inspection, may be seen 
with the naked eye. In the region of some, but not all of the stomata, the guard cells^ 
together with several surrounding epidermal cells are engorged with water and push up 
above the sub-stomatal chamber, thus forming a blister . . . The epidermal cells swell in 
length and width, become turgid and the walls lose their fluted appearance and become 
regular. The guard cells increase in width but not in length, opening the stomata wide. 
The attached epidermal cells then collapse. 

The cells lining the lower and upper sub-stomatal chambers are the first 
to plasmolyse. Then the stomata probably close. 

Annual bluegrass (Poa annua) is one of the plants most sensitive to 
smog, and its general distribution has made it very useful as an indicator 
of smog. Bobrov (1955) presents a detailed anatomical study of the plant 
showing its open structure with stomata on both sides of the leaves and 
indicating the sensitive areas where tan spotting or transverse banding 
occurs. These are limited to those cells that have just completed maximum 
expansion. They are Tocated at the tip of the youngest leaf and pro- 
gressively farther down the blades of the older leaves. Initial, and most 
serious damage occurs around the sub-stomatal chambers. Chloroplasts dis- 
integrate, plasmolysis follows, and, ultimately, total dehydration of damaged 
cells results in " mummification " of the mesophyll tissue in the affected 
areas. 

Noble (1955) has generalized the observations concerning the banding 
on Poa annua. In all but one of 50 species studied, even on broad-leaved 
plants, some form of banding occurred followir^g a single exposure to smog. 
Repetition of the fumigation on successive days ''csulted in a series of bands 
progressively farther down the leaf. As many as foun bands on a single 
leaf of petunia or miiflulus were easily produced. The injured area was 
always that in which cellular differentiation had most recently occurred, 
as shown by Bobrov (1952a, b), who ^so^ suggested that the increased 
resistance to the smog shown by the older leaf surfaces was due to suberization 
of those surfaces after difTei'entiation was completed, as described by 
Scott (1950). 

Table 10 is a list of plants prepared at the Citrus Experiment Station 
in Riverside, California, classifying many species and varieties in the Los 
Angeles area as sensitive or resistant to smog. The classification in this 
table is well confirmed by other observers (Thomas & Hendricks, 1956). 

A specific test for smog injury was suggested by Nielson, Benedict 
& Holloman (1954), who observed that the smog-injured areas start to 
fluoresce bright bluish-white under a mercury lamp several hours after 
fumigation and continue to fluoresce for about a week. The test is^ not 
given for gas injury due to sulfur dioxide, hydrogen fluoride, or chlorine, etc. 

Smog injury exhibits several degrees of severity, which arc called transient, 
chronic, and acute. The first is a temporary water-soaked condition, 
which soon clears up without producing permanent lesions. The second 
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TABLE 10 

S CWOfflVITY or PLANTS TO INJURY BY SMOG 
IN SOUTHERN CALIFORNIA 



SusceptiiHft Reiitunt 



TREE CROPS 



Apricot. Grapefruit, Walnut 



Almond. Apple. Cherry. Date. Grape- 
fruit. Lemon. Olive. Orange. Peach. 
Plum 



FIELD CROPS 

Alfalfa. Oats. Sudan grass. Sugar beet Sweet clover. Barley. Mu$urd (black 

and white). Wheat. Blackeyed bean. 
Vetch 



VEGETABLE CROPS 

Bean, common (Golden cluster. Pink. Bean, common (Bountiful. Kentucky 
Pinto. Small white). Bean, lima (Ford- Wonder). Bean, lima (Concentrated 
hook 242). Beet. Endive. Lettuce Fordhook. Westan). Chinese cabbage. 
(Romalne). Spinach. Swiss chard (Lucul- Corn. Eggplant. Lettuce (head). Mus- 
lus). Celery. Onion. Parsley. Parsnip, urd. Pea, Radish. Rhubarb. Tomato. 
Turnip. Grape (Carlgnane. Mauro. Mis- Leek. Pepper. Pottto. S<|uash. Swiss 
sion. Patemino. P<dro Ximenes. Zin- ch ard[(lar ge ribbed). Broccoli. Cabbage, 
fandel) CaCiTfffewer7tlB5kmiton.'Grape°(Con- 

cord) 



ORNAMENTAL CROPS 

Petunia. Chrysanthemum (some varie- Acacia. Calendula. Lobelia, China aster, 
ties). Grass, annual rye (Perennial rye). Chrysanthemum (most varieties). Sweet 
Snapdragon. Larkspur. Ageratum. Car- pea. Grass. Bermuda (Kentucky blue), 
nation. Eugenia. Orchid. Palm Kentia). Pansy. Stock. Eucalyptus. Dahlia. Gail- 
Pansy. Pepper. Rose. Zinnia lardia Hypericum Geum. Viola. Ivy. 

White clover. Oak. Palm (Plume. 

Washington) 



SMALL FRUIT 

Blackberry, Boysenberry, Currant. Lo- 
ganberry. Strawberry. Toungberry 



f SoMrcc : Kendrkk m al. (19S6). 

is a mild degree of injury with effects resembling chronic sulfur dioxide 
markings. In addition, there appears to be invisible injury. When acute 
injury occurs on the " salad crops " they are rendered virtually worthless 
commercially. Middleton, Kendrick & Schwalm (1950b) estimated that 
the loss for 1949 in Los Angeles County alone was US $500 000. Middleton 
et al. (1956) estimated the annual loss in 1953 and 1954 in the Los Angeles 
area at over US$3 000000 and, in 1956, in excess of US$5 000 000 
(Middleton et al., 1957). The 1956 loss in the San Francisco Bay area 
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was US $1 000 000 (Middlcton, Darley & Brewer, 1957). No estimate was 
made of suspected " invisible " injury due to smog to such plants as tomat.^, 
sugar beet, and avocado. 

Effects of ozone 

Ozoncas an important constituent of Los Angeles smog, usually com- 
prising more than half the total oxidants. It is also phytotoxic in exposures 
of a few hours at about p.p.m. Injury due to ozone (Haagen-Smit 
et al, 1952; Middleton et aL, 1955; Richards, Middleton & Hewett, 1958), 
is quite different from typical smog injury. The lesions are generally 
confined to the upper suiface. They may be uniformly distributed white 
or brown flecks or stipples, or irregularly distributed blotches. Histolo- 
gically they represent a bleaching or browning of the upper ends of some 
palisade cells without involving the upper epidermis. 

Ozone injury appears to be much more widespread than the earlier 
observations suggested (Taylor et al., I960). Qosc examination of leaves 
having typical smog damage usually reveals some ozone-type injury also. 
Ozone flecking is widely distributed on grape, citrus, avocado and other 
broad-leaf woody plants in the outlying areas of the Los Angeles Valley^ 
and surrounding hills. Ponderosa pine needles appear to be similarly 
affected. Extensive ozone flecking on tobacco has recently been observed 
in the eastern Atlantic states of the USA and^ Canada (Heggestad & 
Middleton, 1959). Flecking on white pine is also observed even in places 
far removed from urban and industrial sources of pollution, possibly as 
a result of photochemical reactions involving volatile organic substances 
<terived from vegetation (Went, 1955). 

Effects of tcid ao-f^cris 

A " pock mark ** type of injury (Middleton et al., 1957; Thomas et al., 
1952), particularly on the upper surfaces of table beets and Swiss chard, 
has been ascribed to acid aerosols associated with fog. Evidently the fog 
droplets which settle on the leaves contain enough acid, and perhaps other 
toxicants also* to injure the leaf. When indicator paper was pressed 
against such leaves, a pH of 3 or less was often observed. Injury appeared 
after the moisture evaporated. This type of injury needs more critical 
study. 

Effects of etkylene 

Injury to orchids by ethylene in the smog ha$ been reported to have 
resulted in lar^ monetary losses in Los Angeles. The gas causes the 
sepals in many Cattleya and Phalaenopis flowers to wither and^ dry at a 
concentration of 5 p.p.tm. (Middleton ct al., 1956), while other parts of 
these plants can withstand much higher concentrations without any injury. 
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Ethylene causes epinasty and inhibition of nutation in marigold, sweet pea, 
and tomato I^vcs at 0.05-0.10 p.p.m. (Crocker, Hitchcock & Zimmerman, 
1935; Crocker, Zimmerman & Hitchcock, 1932; Middleton et al., 1956). 
The gas interferes with the opening of carnation flowers and causes dropping 
of snapdragon flowers. At 0.4 p.p.m. it produces leaf irregularities and 
poor flower formation in tulips and narcissus. 

Ethylene is difficult to measure in the air, and little is known of its 
concentration in polluted atmospheres. It has given concern principally 
in greenhouses that had leaking gas pipes (Hitchcock, Crocker & Zimmer- 
man, 1932, 1934; Zimmerman, Hitchcock & Crocker, 1930. Economic 
injury under these conditions has been reported in lilacs, narcissus, tulips, 
and roses. 

Nitrogen oxides 

The concentration level of nitrogen oxides in the atmosphere is prob- 
ably always too low to cause plant damage. Benedict & Breen (1955) 
found that their most sensitive weeds required at least 20 p.p.m. and the 
most resistant, 50 p.p.m. Middleton et al. (1957) reported that symptoms 
on pinto beans resembling those caused by sulfur dioxide were pro<hic6d 
by 3 p.p.m. nitrogen dioxide in four to eight hours, while complete damage 
occurred with 30 p.p.m. in two hours. 

FHmigatioii experlmci^ 

Haagen-Smit et al. (1952) noted reduced growth of plants due to smog 
exposures that caused no visible lesions. Hull & Went (1952) made similar 
ot^rvations on alfalfa, endive*, oats, spinach, su^r beet and tomato. They 
also suggested a sensitive test for smog based on the fact that the bending 
of the avena coleoptile in the regular growth hormone assay is inhibited 
by smog. KOiitz & Went (1953) noted stomatal closui^ with reduced 
water uptake and transpiration in tomato planU two to thr^ weeks okl 
as an immediate response to six daily fumigations for one hour, each with 
1-n-hexene and ozone at 0.1 p.p.m. oxidant. Reduction of .height, leaf 
area, fresh weight and dry weight occurred, generally with no visible lesions. 
Decrease in dry weight was as much as 25 %. Evidently, this is " invisible ** 
injury. Cann, Noble & Larson (1954) found characteristk: smog eflTccts 
on plants treated with automobile exhausts to which ozone was added. 

The use of a mixture of ozone and olefin, such a' I-n-pcntene, l-n-hexene, 
or even gasoline, in controlled fumigation studies simulating smog is jus- 
tified by many observatiom, indicating that the lesions produced are 
indistinguishable from those caused by natural smog at the same oxidant 
level. 

Middleton and co-workers at Riverside* California, have made extensive 
use of the pinto bean as a test plant for smog (Erickson & Wedding, 1956; 
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Kendrick et ah, 1956; Kendrick, Middleton & Darley, 1954; Middleton, 
1956; Middleton et aL, 1956; Middleton et al., 1957; Middleton et al., 
1955; Middleton, Kendrick & Schwalm, i950a, b; Taylor et ai., 1957; 
Todd, 1955, 1956; Todd, Middleton & Brewer, 1956; Wedding & Erick- 
son, 1953). Two weeks after emergence from the soil, the two primary 
leaves of the plant are uniformly and highly susceptible to smog damage 
and remain as sensitive for three weeks longer. Damage is estimated 
visually on a scale of 10- from no effect at 0 to complete destruction 
at 10. 

These studies have shown the following: 

(1) At 0.2 p.p.m. oxidant concentration, as measured by* potassium 
iodide, ozonated hexcne cauiu.i about the same amount of damage to pinto 
beans as ozone alone, but at 0.4 p.p.m. ozone is much more reactive 
(Middleton, 1956). 

(2) Ozone damage has only rarely been found in the field (Middleton et 
al., 1955). The addition of 0.25 p.p.m. ozone to carbon-filtered native air 
or to unfiltered air of low natural oxidant level causes typical ozone injury 
to pinto beans. However, addition of this amount of ozone to native air 
of elevated oxidant level increases the smog damage and an appreciable 
amount of typical ozone-type injury does not occur. Presumably the 
ozone content of the air on days of low oxidant level may not be high 
e^)ou^ to be toxic, whereas with high oxidant levels the ozone reacts 
preferentially wUh other compounds in the air to form additional toxic 
smog compounds. 

(3) Photosynthesis and respiration of Lentna minor (duckweed) was 
studied in the Warburg apparatus by Ericksonilt Wedding ( 1 956). Ozonated 
hexene was prepared by mixing 1 volume dilute ozone equivalent to 1 p.p.m. 
in final dilution with 9 volumes of dilute hexene vapour. The oxidant 
concentration of the mixture was 0.2 p.p.m. The gas was pasf^ through 
the Warburg flasks at 250 ml* per minute for periods up to 24 hours. In 
other experiments the same amount of ozone was used without hexene. 
The plants were severely injure during exposure, with loss of chlorophyll. 
Fronds separated and droplets of liquid appeared on their surface. Even- 
tually there was collapse and discoloration. However, normal growth of 
the frond primordia resumed in a few days in the absence of smog. 

In 24 hours, the ozone-hexcne mixtui^ reduced photosynthesis and the 
chlorophyll content in the plants to 30 % and 50 % of the control, res- 
pectively. Ozone alone reduced them both to 60 % of the control. Hexene 
alone had no eilfct. Respiration was increased by ozone-hexene to about 
1 15 % during the first 12 hours, then it tell gradually to 90 % during the^ 
second 12 hours. 

Ozone alone caused only a slight increase of respiration during the first 
four hours, then a gradual decrease to 90 %. The semi-permeability reten- 
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tion was measured by reading the conductivity of the cell suspension. 
It was reduced to about 70 % of the controls by both gas mixtures. Evi- - 
dently the lesions and loss of chlorophyll can explain most of the effects 
noted — except the excess reduction in photosynthesis over chlorophyll, 
which might be considered invisible injury. 

(4) In other studies (Wedding & Erickson, 1955), the retention of 
radi< .phosphate by bean plants was measured to ascertain the effect of 
fumigation treatment with ozonated hexene. During the first one to two 
hours of the fumigation, sand-cultured plants containing *P in the leaves, 
showed a decrease of permeability of the cells, so that dis'is cut from the 
leaves lost less phosphate than the controls. Later permeability was 
increased. Visible damage to the leaves was a^ociated with this increase 
in permeability. 

(5) Ozonated hexene and ozone both stimulated respiration of lemon 
fruits (Todd, 1956), the former by as much as three-and-one-half times 
the control, the latter by less than double. The dark green fruits were 
stimulated the most, ripe yeUow fruits the least. 

(6) Avocado seedlings were ^umigated with ozonated hexene at 0.17 
p.p.m. oxidant level for seven hours per day, five days per week for eight 
weeks, or a total of 280 hours (Taylor et al., 1957). When the plants were 
not being fumigated they were placed along mih the controls in a green- 
house provided with carbon-filtered air. Smog lesions started to develop 
in two weeks as smalU>ronze or brown spots on the lower surface of fully 
expanded leaves. This injury increased but did not extend to the upper 
surface. Some leaves on one-third of the plants developed tip and mar- 
ginal necrotic areas resembling drought or salt injury. A general dwarfing 
of the treated seedling was noted although new gif^wth appeared to be 
initiated normally. 

In other experiments (Todd et al., 1956), avocado seedlings were fumi- 
gated for six months with ozonated gasoline vapour of sufficient strength 
to injure spinach, sugar beet, and tomato in one day. The fumigated 
s^lings showed no visible lesions but they had 7 % less elongation of— 
stems and 23 % less increase in stem diameter than the controls. 

(7) Kentia palms, which had been produced in Los Angeles, were 
exposed for eight months at Riverside (Todd et al., 1956). Some were 
grow^in a^ bathhouse, some in an unfiltered greenhouse and some in a 
gr^house supplied^itk carbon-filtered air. In the lathhouse only sli^t 
growth was made and the leaves wcnTsmall and chlorotic. There was 
a little more growth and less chlorosis in the unfiltered greenhouse, but in 
carbon-filtei^ air the plants grew noticeably larger and had one extra 
leaf. The l^ves were dark gr^n in colour, and definitely longer than those 
in polluted air. 



M. D. THOMAS 



(8) Various spray and dust applications to vegetation have been expe- 
rimented with to prevent smog damage (Kendrick et al., 19S4; Middleton, 
1956). Dithio- and bisdithiocarbamates in various commercial forms, 
including the zinc salt, and tetramethyl thiuram disulfide offered a 
considerable degree of protection to pinto beans provided the lower surface 
of the leaves was well covered. The concentration of the active material 
should be at least 10% in the dust and 2% in the spray. Protection falls 
to zero in about 16 day&,^ Bordeaux spray gives no protection to beans. 

'The interestingx>bservation h as be en made that a rust infection on pinto 
bean protects the leaf against smog injury (Yarwood & Middleton, 1954). 
Five times as much smog was required to injure the infected as the unin- 
fected areas. Evidently the protecting substances diffuse beyond the myce- 
lium of the rust. This protection remains after the rust itself is killed by 
dipping the leaf in water at 45^ C for 90 seconds. 

Other PoUottnts 

There are many other pollutants that are phytotoxic, but their dis- 
charge into the air in plant-damaging concentrations is extremely unlikely, 
except, perhaps, accidentally. These pollutants are as follows: 

(1) Chlorine is about three times as phytotoxic as sulfur dioxide 
Thornton & Setterstrom, 1940; Zimmerman, 1949). Fortunately, its 
rooduction and use is confined largely to the chemical industry and it is 
(do valuable to waste. Limited plant damage is recorded due to gas from 
ta heavily chlorinated swimming pool in New York and a sewage disposal 
plant in California (Stout, 1932). 

(2) Hydrogen chloride, of which about 10 p.p.m. for a few hours is 
required to c&ust incipient plant damage, was an important pollutant a 
century ago in the neighbourhood of the Le Blanc soda factories in England 
and Germany. When recovery of the gas as hydrochloric acid was insti« 
tuted, the problem was solved and has had no serious import since* that 
time. 

(3) Ammonia has^about the same phytotoxity as hydrogen chloride, 
in both cases perhaps the result of simple pH effects (Thornton & Setter* 
Strom, 1940). Definite injury was observed on buckwheat, coleus, sun* 
flower, and tomato with 40 p.p.m. for one hour; and slight marginal injury 
with 16.6 p.o.m. for four hours. The lesions had a ''cooked green" 
appearance that became brown on drying. 

(4) Hydrogen sulfide is only slightly phytotoxic (McCallan, Hartzell 
& Wilcoxon, 1936; Thornton & Setterstrom, 1940). Fumigation at 20 40 
p.p.m. for five hours caused slight Injury on a few species, but sonie ^:aMld 
withstand 400 p.p.m. The most sensitive were cosmos, radish, N:lover, 
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Fig. 1 5. Upper and lower surfaces of pinto bean 
treated with ozone (0.3 p.p.m., 2 hours) 



Fig. 16. Upper and lower sur- 
faces of petunia treated with 
ozone (0.18 p.p.m., 6 hours) 





Fig, 17. Upper and lower sur- 
faces of citrus injured by sniog 



Fig. tS. White sapota damaged by ozone and smog 





19. Ozone stipple on avocado (0.18 p.p.m<, 
7 days) 



Fig. 20. Transverse section of grape leaf showing 
ozone injury on palisade cells (0.6 p.p.m 
22.25 hours, at night) 



Acknowledgement is made on page 275 to the persons who furnished the above coloured photographs. 
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tomato, poppy, salvia, cucumber, soybean, and aster; the intermediate 
in sensiti' ity were cornflower, buckwheat, nasturtium, sunflower, gladiolus, 
castor bean, and pepper; the resistant were coleus, peach, strawberry, 
cherry, apple, purslane, and carnation. Hydrogen sulfide near oil refineries, 
however obnoxious to the sense of smell, is probably harmless to plants. 
Bleasdale (1952b) found that the gas from a sewage disposal plant near 
Manchester counteracted to some extent the harmful effects of the city 
smoke on his rye grass. 

(5) Hydrogen cyanide is sometimes present in manufactured gas to the 
extent of 200-300 p.p.m. (Hitchcock et al., 1934; Thornton & Setterstrom, 
1940). It has injur^ the roots of plants in gr^nhouses when the gas pipes 
leaked below grbund^level. When citrus trees were covered with a tent and 
fumigated with hydrogen cyanide at concentrations up to 1100 p.p.m. for 
40 minutes^ the treatment sometimes injured the tree (Bartholomew, Sinclair 
& Lindgren, 1942). hijury in the open atmosphere is very improbable. 

(6) Mercury is phytotoxic in greenhouses but not in the open atmosphere 
(Zimmerman & Crocker, 1934a). 

(7) The new herbicides, such as 2-4dichloropTiendxyacetic ac1d~(2-4 D), 
affect some species but not others (Dunlap, 1948; Johnson, 1947; Middleton 
et al., 1956; Staten, 1947). Cotton, grapes and tomatoes are especially 
sensitive. In Texas, 10 (XK) acres (about 4000 hectares) of cotton were 
injured by 2-4 D at a distance of 15*^20 miles (about 25-30 km) from rice 
fields that had^been sprayecrtrom aeroplanes. It is estimated that 1 g of 
2-4 D couldjnark all the cotton plants on 25^acres^bout 10 hectarest- 
and 15 g could injure them permanently (Middleton et al., 1956). — 

Symptoms on cotton are: (a) leaves witt\ scalloped margins, narrow 
lamina and long tentacle-like teeth; (b) stems swollen, with the cortex 
broken open, and spherical gall-like swellings near the ground; (c) squares 
and bolls malformed with reduced number of locules in the bolls; (d) new 
growth by lateral branching; (e) reduced germination of seed ; and (/ ) retarded 
emergence of the hypocotyls (Dunlap, 1948). Somewhat similar symptoms 
were noted on roses, phlox, zinnia, petunia^ tomato, grapes, pepper, tobacco, 
and cabbage. 

As a result of the replacement of the volatile esters with non-volatile 
compounds, and after an intensive educational campaign to teach proper 
methods of handling and applying these compounds, plant injury due to 
their use has been greatly reduced in recent years in California (Middleton 
etal., 1956). 

Smttnuiry 

The literature on the effects of air pollution on plants has been reviewed 
with special reference to those pollutants that present major problems 
— vtz«, sulfur dioxide, hydrogen fluoride, London type smog, and Los 
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Angeles type smog. The others, which are definitely of minor importance, 
are referred to more briefly. 

Sulfur dioxide has long been rccognized-|s an air pollutant because 
it arises from the combustion of nearly all fuels, especially c<Al, and from 
the roasting of sulfide ores. It is phytotoxic in concentrations above 
0.1 X 0.2 p. p.m., depending on the length of exposure. Below about 0.4 p.p.m., 
the gas tends to be oxidized in the cells as rapidly as it is absorbed, and 
interference with functions such as photosynthesis is slight. Toxic concen- 
trations of sulfate are finally accumulated. Chronic rather than acute 
injury, if any, is generally manifested with these small concentrations. 
Above about 0.4 p.p.m., acute injury occurs more frequently, owing to the 
reducing properties of sulfite in the cells. Temporary interference with 
photosynthesis or '* invisible injury " can occur to some extent, but these 
concentrations cause acute injury if maintained for more than short 
periods, and recovery is rapid when the fumi^tion is stopped. Practical 
methods of evaluating economic injury to vegetation have been summar- 
ized. 

Hydrogen fluoride behaves somewhat similarly to sulfur dioxide, except 
that with a few species of plants it is effective in causing lesions and inter- 
fering with photosynthesis in concentrations two or three Orders of magnitude 
smallerthan in the case of sulfur dioxide. With most species it is upto ten times 
as effective as sulfur dioxide. Fluoride accumulated in the cells in sub- 
lethal amounts interferes with photosynthesis as, does sulfite, but whereas 
the latter is deactivated by simple oxidation to sulfate, the former must 
be removed by translocation, vofatilizatioi*, or some obscure chemical 
reaction, which makes much slower the recovery of the plant functions 
after hydrogen fluoride fumigation. There appears to be a concentration 
of hydrogen fluoride for each species below which •* invisible injury " 
does not occur — ranging from a few parts per thousand million for the most 
sensitive to over 500 p.p.t.m. for the resistant plants. Forage may be ren- 
dered unsafe for animal feeding if more than 50 p.p.m. (dry basis) fluorine 
is absorbed. 

London type smog may present essentially a sulfur dioxide problem, 
but the gaseous constituents as well as the aerosols need further evalu- 
ation. 

The Los Angel'-s type smog is now fairly well understood as to its mode 
of formation and its phytc.oxic effects, but the actual compounds that 
cause these effects are still unknown. The smog causes characteristic 
leaf lesions which are quite different from those produced by other pollu- 
tants, including ozone, which may be a constit^ient of the smog. It also 
causes some " invisible injury. Visible damage to crops in Southern 
and Northern California was estimated at over US $5 000000 and 
US $1 100000 respectively, annually, in 1956. 
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ECONOMIC AND SOCIAL ASPECTS 
OF AIR POLLUTION 



IntTodnctioii 

In considering the vast subject of ihc consequences of air pollution, 
many aspects must be taken into account, among which are the following: 
{a) efftets on human and animal health; (fe) effects on normal plant growth; 
(c) degeneration of objects useful to man (through dirt, accentuated cor- 
rosion, etc.); (d) hindrance or even damage to industrial activities caused 
by certain emissions; (e) various nuisances due to intensified and sometimes 
noxious fog, and to mists which absorb the sun's rays, etc. All these effects 
are the sobject of special research to determine the exact nature of the damage 
inflicted, its extent, mechanism and degree of intensity. 

The purpose of this chapter is to study not the disadvantages themselves 
but their economic and social repercussions, in order to lead to a better 
appr^ation of the bases and limits of the measures which must be «lopted 
for the rational control of regional air pollution. 

Thorough study of the extensive literature on air pollution leads, in 
our opinion, td the conclusion that the bases used for the measurement 
of progress in the control of this nuisance are sometimes too conventional 
and only indirectly related to the damage caused, which, nevertheless, 
has a real effect on, and is definitely felt by, the inhabitanU of the affected 

areas^^ ^ ^ ^.^ 

Under a semblance of accuracy, often more attention is paid to quali- 
tative than to quantitative aspects. It is true that among the existing 
quantitative data we find extensive-=and valuable— documentation on the 
limit doses of gases, vapours, and dusU which may to a greater or less 
extent affect human and animal health or plant life. For the large towns 
and other built-uprareas there are statistics showing the extent of the pol- 
luted zones, but the pollution is expressed in figures based on jtmdafd 
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tests, such tests being selected according to their more or less adequate 
interpretation of a partir \r effect of pollution, i.e., directly measurable 
damage. In these circumstances, it is evident that the evaluation of a 
method for the combating of such pollution is a delicate matter which 
must therefore be conventionally defined. In fact, when an inhabitant 
of a polluted area reads a report, he often finds that the statistical results 
do not in any way tally with his own personal idea of the pollution from 
which he suffers. For example, the rate of reduction of the weight of fh^ 
dust collected in some conventional apparatus is, for the layman, less 
eloquent than the possibility of reducing house maintenance costs. This 
is not, however, intended as a condem.nation or criticism of the usual 
methods of assessment; our purpose is merely to emphasize the value of 
establishing a known correlation between the result jf a standard test 
and the economic data, for example. 

Unfortunately, it is not possible immediately to ti ,late all air pollu- 
tion effects into Gnomic terms. Odours are au example. An odour will 
constitute ^ subjective discomfort for a given person, but it is difficult to 
evaluate such discomfort statistically. At the most^ the effect of a deodor- 
ant may be stiKiied and an odour reduction rate established, indicating the 
extent to which the odour may be reduced (without completely eliminating 
it), so that it will not be noticed by the inhabitants of the area in question. 
A harmful smoke affecting the general health may be represented as a 
" loss on the assumption that it increases costs for care and treatment. 
But it is not so ^asy to express the physical and psychological effects in 
terms of mcncy. 

It is obvious, therefore, that many different factors^ and conditions 
mvst be taken into account when considering the economic and social 
asp^s of air pollution. We will here confine ourselves to the enumeration 
of these economic and social aspects, briefly commenting upon them and 
completing the list with the practical data which have already been collected 
and which provide examples capable of placing the problem in its true 
pei^pective. 

Ecunonnc Aspects <rf Pcdhitioii 

EYthittioii of daau^e : bases for cafcafaitkNi 

Except in special cases, damage is e^imated by (iurly simple, but justi- 
fiable, extrapolation— in the absence of any better method and in view of 
the complexity of thr problem* The damage would, of course, be calcu- 
late on different Ibises according to: (a) the type of objo:^ damaged (plants, 
metal-work); (b) the type of pollution causing the damage; (c) other 
concomitant causes of damage; (d) local methods of assessing the degree 
of pollution; and (e) the quality of statistical data concerning the bases for 
these various estimates. 
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Before passing on to examples of calculation of loss expressed in money, 
we will consider briefly the difficulties inherent in *his ;ypc of calculation. 
There is " total " damage: flowers destroyed or crops rendered unsalable 
are examples of " total " damage, and this can easily be calculated. The 
case is different if— as often happens— the damage imputable to pollution 
is only partial. In this case, a " reduction of value coefficient " must be 
adopted on the basis of the results of investigations into the relative rate 
of pollution. 

This relative rate, when it is known, makes calculation of damage easy, 
but the difficulty resides in the choice of a test for the assessment of pollu- 
tion. Should this be the local dust rate, the local SOj rate, the light reduc- 
tion rate, etc. ? These are all questions to be debated in relation to the 
type of damage. In the case of plants, the SO^ rate may be taken as a basis 
for evaluation of the nuisance; in the case of corrosion, SOj may be a factor, 
but near the sea it will be necessary to take the chloride rate into account— 
and ^ on. 

In our opinion, thorough study of these bases for calculation would be 
useful, and it is our intention in this chapter to commence by an examination 
of some of the studies already made, with a view to drawing lessons for 
the future. 

The other asp«:t of the question is the evaluation of the cca of the mea- 
sures adopted to comteit or eliminate pollution, in order to imve some idea 
of operational costs. In this instance, dir^t calculation is more fcasiWe, 
in view of the fact that the costs of measures for the reduction of dust or 
for the purification of emissions arc known; the number of installations 
provided, or to be provided, can also be established on the^sis of govern- 
mental or private inquiries. - - ---- 

Examples of ecow»ric rcperotssioas of pdbttioa 

The^^iu>mic losses due to air pollution are as follows: 
" (l>Xc^ef due to direct or indirect effects of pollution: 

(a) on human health; 

(b) on livestock; 

(c) on plants. 

(2) Losses due to corrosion of various materials and of their prot^ive 
covering. 

(3) Losses due to maintenaiu^e costs, inside and outside houses and other 
buildings; to depreciation of objects or merchandise exposed to pollution 
(some of these lo^s are covered by paragraph 2 above). . 

(4) Losses due to unburnt residue in chimneys, motors, and various 
engines which contributes to the general pollution. 

(5) Expenditure dircctely incurred by the adoption of technical measures 
for the suppression or reduction of smoke or emi«-.ions from factories. 
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(6) Increase in cost of electric power due to dust removal and otter treat- 
ment of smoke from power or nuclear stations. 

(7) Various losses due indirectly to pollution: increased transport costs 
in periods of smog; wasted electricity due to premature twilight caused 
by smoke, etc. 

(8) Expenditure in connexion with the administrative organization of 
pollution control. 

(9) Costs of medical, agricultural, chemical, and physico-chemical 
research aimed at working out techniques for the measurement of pollution; 
investigating the ways in which pollution affects persons, animals, plants, 
and materials;, and studying appliance or installations for the reduction 
or suppre^ion of various dusts and emanations. 

It is diflicult to find in the literature any statistical data relating to 
economic effects. We will the»:fore group together cerUiin types of damage 
which are estimated en bloc in studies which' we have been able to consult. 
In order 4hat these data may be ^neralized and so that future information 
may be improve and conpleted, the bases fct the statistics and the't:orre* 
lation betw een dam a^ and the \£sX for the measur ement of d ir pollution 
will be4ndit,il^ where po^ible. 

Dm^e to Ihriiig creatires (hcstth msfm) 

Reference has already been made to some of tte difficulties in assessing 
the direct effect on living creatures^^able 1 gives son.' French statistics 
showing the differences incumbers of deaths froin respiratory diseases 
as between urtein and rural areas. 

Data Of this type have been collected in a number of American towns, 
including Detroit-Windsor, where a Joint International Commission has 
set up a Technical Advisory Board on Aii^Pollution, and Cincinnati (Ketter- 
ing Laboratory Survey) (Organisation for European Economic Co-operation, 
1957). In these studies, an effort is made to establish a' relationship be- 
tween the state of health of the popukition and the results of measurement 
of pollution by American techniques. 

It is impossible to obtain a clear picture (ex^pt in rare cases such as 
localized accidents) of the extent of medical services made nece^ry by 
air pollution. At tl^ most may be a^umed that such pollution is one 
of ths determining factors in the app^ran.j of certain diseases. Part of 
the social security budget is devot^ to covering the c<aU involved, but 
their vtStribution by cause of disease is extremely difficult. 

In order to complete the picture, an attempt should be made to estimate 
the effect of pollution on human ou^ut Such output depends to some 
extent on the regularity and pt nctualtty of transport, which are impaired 
by «nog. The effect of polluticn* on the health of persons l:ving in affected 
^KstTH^ also plays a j^rt in mluctng output 



283 



TABLE 1 

NUMBERS OF DEATHS FROM RESPIRATORY DISEASES 
IN URBAN AND RURAL AREAS (PER 100000 INHABITANTS) 





■ * " • 


Rural 
poputotiOAi 


CuiMwf death 


mono 

mhabitants 
and over 


soooo* 

100000 
inhabkiots 


Under ' 
50000 

iiihabicafiu 


Pneumonia 
Bronchitis 
Other respiratory 
disorders 

(with the exception 
of influenza) 


47.90 
61 .S6 

11.19 


39.22 
S3J2 

9.71 


35,75 
40.77 

10.60 


31.55 
36.94 

9.66 


Toe. 


120.65 


102.75 


95.12 


78.15 



Source: ftiMMdcrOnT)' 



GcMial iBiteral dan^e 

USA \ 4. 

In 1911-13 the Mellon Institute undertook an important economic 
study of nuisance^ caused by smoke <McCabe, 1949). The estimates made 
at that time (1913), relating to Pittsburg, weie as follows: 

(a) US $2000000 were spent in Ac supplementary washing and dry- 
cleaning of clothes; 

(b) US 1750000-1 OCOOdo were spent on the maintenance or renewal 
of wallpapers and curtains; 

(c) US $2000000 were spent on measures for the special pro^ion 
of merchandise or on the replacement of merchandise made valueless by 
smoke; 

(d) For the year in question, the total losses amount to US 18 500000. 

In 1950-51 it was estimated t!iat the total losses due to pollution in the 
whole of the USA amounted to US §1 500000000, i.e., US $10 per 
inhabitant per y^r (Johnson, 1952). A considerable part of these lo^ 
referred to crop damage. In 1950, losses in the Los Angeles region with 
respect to <»rtain food CTops amounted to US $300000. Referring to 
these figures, Johnson sugg^ that the measures for the control of pollu- 
tion undertaken 1^ the Government, the local authorities and industry 
cost about US $100 000 000 per year. 

In 1937, a surv^ was made in Chkago and St Louis, on the basis of 
whkhJi wa» estimated that the annual losses due to smoke in the two 
cities were US $30 000 000 and US $19 000 000 respectively (McCabe, 1949). 
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The foundries of the Consolidated Mining and Smelting Company at 
Trail cause I SO2 pollution of the Columbia River Valley during the first 
year of operation, and the Company was ordered to pay US §350 000 
compensation for the resulting damage tr crops. Gibson (1949) estimates 
that the annual losses in tl - region are in the neighbourhood of US 
§500000000. In this connexion, it should be emphasized that the expen- 
diture incurred in combating noxious emissions at the source amounted 
in 1948 to US §100 000 000. 

It is calculated that damage amounting to US $3000000 has been 
done to crops in the Los Angela region every year since 1953, and this 
covers only visible damage. 

Great Britain 

Some estimates of the cost f ' pollution in Great Britain are as follows 
(Meet ham, 1952): 

Manchester, 1919 £1 per inhabitant per year 

London, 1^ £1 4s. per inhatntant per year 

For Great Britain as a whole: 

1924 £40 000 000-50 000 000 per year 

1947 £100 000 000 per year 

Assuming that 50 % of damage is due to smoke, it is calculated that 
the 2 400 000 tons* of smoke emitted per year causes damage to the extent 
of £50000000^ i.e. one* ton of smoke causes damage to the value of £20. 
Bearing in mind that smoke represents 1.33% of the coal consumed, it is 
estimated that one ton of coal consumed causes damage to the value of 
five shtlltnp. 

Another detail in connexion with the United Kingdom is that, according 
to area, the external maintenance of shops must be undertaken at the 
following intervals: 

Rural areas every three years 

Moderate polluted areas every two years 

Very 4K>lluted areas every year 

The costs incurred for cleaning and painting building is 15%-40% 
higher in polluted towns than in smokclesrdistricts. ^ 

France 

From a study made in France (Paniwfier, 1957), the following details 

French fnmc 

Supplonentary expenditure on cleaning and provision of clothing ... 60 000 000 000 

Fainting and maintauiice 15 000 000000 

Maintenance of buildings 600d0000000 

R«luction of earnings ... 40 000000180 

Miscellaneous: med^l services . ! 65 000 000000 

i^. Fr. fr. 6000 per intabiUnt per year. 240 000 000000 

' 1 lOTf tofi - L0I6 metric tons. 



tCONOMIC AND SOCIAL ASPECTS 



285 



The French statistics provide the following information. The city 
dweller gives on an average 3 kg of clothing to be washed per week, as 
against a little over 2 kg for the rural inhabitant. This means 50 kg more 
per year which^ the town dweller has washed, or washes himself, and if 
it is admitted that this represents on an aver^ Fr. fr. 200 per kg, it follows^^. 
that the town dweller spends Fr. fn 10000 more than the rural inhabitant 
on keeping clothes at the same degree of cleanliness. One-fifth of this 
sum is undoubtedly spent on account of the particularly heavy dust con- 
tent of the air in the towns. Assuming that 20 million of the inhabitants 
of France live in polluted zones, this extra cost amounts to Fr. fr. 
40000000000. In addition, it may be estimated that the atmosphere in 
urban agglomerations decreases the life of garments by one-twentieth 
and that, in France, urban dwellers account for half of the annual 
garment consumption (800000000000), so that air pollution costs another 
Fr.fr. 20 000000000. 

Afore frequent maintenance and renewal of paintwork. Similarly, taking 
as a starting point the Fr. fr. 100 000 000 000 annual turnover in the house- 
painting and wallpaper trade, and assuming that half of this amount refers 
to the urban areas and/that a co at ef jngnt or paper lasts six years in the 
country and four years in the towns ^res arrived at by building-trade 
experts), air pollution causes supplementary^^^ipcaditure for repainting 
or repapering to the extent of Fr. fr. lOOOOrOTOf 000 every six years, i.e., 
about Fr. fr. 15 000 000 000 per year, it would seem justifiable, moreover, 
to double this fi^^rfe^^her re^r^vork is usually necessary in addition 
to papering and painting, particularly in the maintenance of shops and 
commercial establishments. 

Maintenance of buildings. The depreciation of the zino-work on roofs 
and the soiling of fa^des constitute the main dam i ^ caused to buildings 
by air pollution. Fuel oil, now being uwd more ^ad more for heating, 
contains on an average 2 %-3 % of sulfur, which, after c^nbustion, remains 
in the form of SO^ or SO3. These anhydrides are easily absorbed by the 
soot which forms in chimn^s, and when this is made more or less damp 
by the weather and is deposited on the zinc-work of a roof, it eats into the 
metal to a considerable extent. Builders say that zinc-work, which used 
to last for 30 years, now has to be reacwcd in 4-5 years in the worst <^s. 
Calculating 4a^etsons to a building, half in the urban areas, with zinc- 
work representing approximately Fr. fr. 200 000, this makes a further 
wastage of Fr. fr. 20000000000 on account of air pollution. About 
twice this amount has to be spent on maintenance of external paintwork, 
various types of refacing, etc., which means an avera^ waste of Fr. fr. 
60000 000 000. And in this figure no allowance is mt li for the more 
rapid depreciation, with the years, of buildings m large towns as compared 
with those in lesj congc^M^rfas^ _ 
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Special stisdies reiating to atmospheric corrosioa 

Corroston Commissions convened by t he Societ y of Industrial Chemistry 
in Brussels have made a study of the effect of pollution on metal-wofk. 
The intensity of the action varies according to the material; it also varies 
with the type of pollution, and the process may develop at varying rates. 
It may be asked to what extent the corrosion caused by average industrial 
f»ollution is greater than that occurring in a normal atmosphere or in sea 
air. Tabic 2 gives a few figures. 



TABLE 2 

CORROSION OF IRON AND ZINC 
IN DIFFERENT AREAS 





lUbtiv* annutl fMiwtncwit 


H 


Zn 


Tropical 


0.1 


0.(X2 


Rural 


IS 


0.12 


Maiiiie 


3.1 


0.14 


InduUfial 


S.4 


0.62 



TABLE 3 

DURABILITY OF STEEL IN RELATION 
TO CONDUCTIVmr OF RAINWATER 



Sttcion 


€onductf¥icx 
in mhn x 10~* 


Increisttd 

durability 
in rcteciofi 
to vtry 'polluted 
ttfiKwplitrt 


MaHey 


4000 


1 


Ruysbroek 


2000 


1.2 


Li^e 


1000 


1.5 


Mol 


250 


^8 



Soant: GWbm {ifM). 



Sovrct: BsrmafM (1f53}. 



In Belgium, the durability of steel with two coats of minium, iron 
oxide and linseed oil has been related to the conductivity of rainwater, 
as shown in Table 3. 

The data in Table 4 show the durability of steel in different types of 
atmosphere. 



TABLE 4 

DURABILITY OF fPEEL IN DIFFERENT ATMOSPHERES 



StMt COAttruCCKMIf 


LHc in xMft 


Httal 


1/1000* 


Pittsburgh 


Stat* Cell^« 


Kfty Wmi 


fKlflf 


' Ifidustfifti 


Hufil 


Hsrin* 


Zfi 
Al 


4J 
4.0 


7 

>10 


>23 
>23 


>22 
>22 



Seurct: Gilbwt (19S4). 
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A correlation has been established between atmospheric pollution and 
the corrosion of iron (Table 5), using as the pollution test the weight 
of solid matter deposited on the surface unit. 



TABLE 5 

CORROSiON OF IRON IN RELATION TO DEPOSIT 
ON SURFACE UNIT 





Rural 
itfiHwplwr* 


MmriM 


Indunrtai atmo«ph<r« 


Woolwich 




Deposit 


3.4 


7.8 


11.7 


22.3 


Corrosion 










l/IOOC/year 


0.9 


1.1 


1.8 


4 



Source: Hu4m {iW^. 



Loss of materials im craj^ions 

^ In 1926 the Mdten Institute estimated that 160 000 short tons ^ of nitro- 
gen wfrc lost in the smoke from coal used in domestic installations, i.e., the 
equivalent of half the consumption of nitrogen in the USA (Doyle, 1953). 
According to the US Bureau of Mines, 700000 tons of manganese are 
lost every y^r in emissions, a^n representing 50 % of the country*s 
manganese requirements (Doyle, 1953). in urcat Britain, coal dnders pour 
into the air every year 1000 tons of allium and 2000 tons of germanium. 
It is not, of course, possible to recover all these products economically. 

Substantial losses are also due to unbumt residu e in many #uds» The 
British statistics show ilit 1.3 % of the coal used is lost in smoke, which 
gives an indication of the average for a highly industrialized country: 
the annual 24 000 000 tons of smoke represent a loss of £6 000 000. If the 
invisible unbumt residues are taken into account, the losses tn Great 
Britain amount to £20 000 000. The losses with respect to domestic fires 
are considerable, varying according to type ctf^re and type of fuel. In 
1951, S. R. Craxford, of the Fuel Research Station, stated that in Great ^ 
Britain the bumtng of coke and coal caused the emission of 2 300000 tons 
of sulfur. At the sanie time, the country was importing 380 000 tons of 
sulfur from the USA. In 1953, 300 000 tons were imported a^inst a 
consumption of 350 000 tons. 

Economically speaking, the situation was as follows. If all the sulfur 
from coal '^l %) were r«:overed, one unit of such sulfur would cost 10 shill- 
ing*^ s this unit is bought by the acid factories for 15 shillings. Accord- 
ing in a pilot station, where the recovery process consists in the 

M it toa - 0.9 metric ton. 
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washing of smoke from power stations, it was found that the cost of treatment 
would be 8-9 shillings per ton of coal burnt. Parker nevertheless pointed 
but in 1954 that with the new techoiques, the cost of purification would 
be brought down to 2 shillings per ton of coal with 1.5% sulfur (85% 
efficiency) (Parker, 1954). 

The unbumt residue losses with respect to motor-cars in towns are 
very high, varying according to type of engine, power of engine, traffic 
conditions, etc. Los Angeles statistics give 7 % as the proportion of unburnt 
residue in emissions from cars in that town. 

In assessing pollution costs, the expenditure on purification cannot 
always be considered as a total loss; it is sometimes possible to recover 
materials. There is, for example, the recovery of copper from foundry 
gases in the USA which has brou^t in US §27 000 000 (Keyser & Munger, 
1952). 

Costs of purification and control of pollatiott 

In 'he county of Los Ang les, the cost of pollution control is 27.75 cents 
per capita per year, i.e., the quite insignificant amount of the price of a 
gallon of petrol (Los Angeles Air Pollution Control District, 1955). Never- 
theless, the annual cost to industry in the period 1949-55 was US §9 000 000. 
The measures adopted from 1947 to 1955 cost US S35 000 000. 

The average expenditure in the towns in the USA is something like 
7 cents per capita per year, while industries and local and governmental 
authorities make an outlay of US $100 000 000 per year for the control 
of damage done by pollution. Added to this, there is the fact that the mea- 
sures adopted tocombat the emission of these vast quantities of waste matter 
into the air entail large-scale stoppages which industrial undertakings are 
obliged to take more and more into account in their general economy 
(Larson, 1954). In a power station, the installation costs for an electro- 
filter vary^m US Si. 5 to US |5 per cu.ft/min., according to the size 
of the installation. Enlarge modern power stations, therefore, such puri- 
fication measures will involve heavy expenditure. At the Battersea Power 
Station, London, ab^Mt £2 000 000 were spent on attempts to eliminate SOg. 

Here we wouk ^ lention also that to the already very high cost of in- 
stallations for the removal of dust or for the purification of gases must 
sometimes be added expenditure on other important installations. In the 
case of removal of dust by a wet prore<5<?, for example, means must be 
devised for the economic evacuation of the wastejwater, and in view of the 
regulations with regard to water-courses, the factory may be obliged to 
provide large water-treatment installations for the collation of sludge. 
This sludge must necessarily be dumped somewhere, and it in turn cons- 
titutes a new source of dust. Thus the solution of the smoke problem is 
often complicated other important economic problems. 



ECONOMIC AND SOCIAL ASPECTS 



289 



Social Aspects of Pollution 

Soci^lty speaking, air pollution is a factor which undermines the well- 
being of affected populations. It is inherent in all congested areas, and 
in all industrial undertakings unless these latter are provided with every 
possible facility for effectively combating the emissions. Industrial deve- 
lopment has certainly increased the risks, but at the same time has led to 
the perfecting of processes for the prevention of the nuisance, so that in 
areas which were formerly highly polluted— Pittsburgh, for example— 
the quality of the air is now constantly improving, in a regular and spec- 
tacular manner. 

In the large centres at least, the emissions from individual domestic 
fires have considerably decreased and furthermore greater comfort has been 
provided by the substitution of central heating. On the other hand, the 
pollution which was formerly caused by individual fires has now been 
replaced by that due to fuel oil. In addition, the enormous growth of motor 
traffic means that there is another source of pollution which is continually 
on the increase, caused by the emanations from vehicles, by the dust they 
raise and by the increased servicing and stocking in the larger centres to 
meet the needs of an ever-expanding clientele. Moreover, in many places 
these vehicles running on petrol, or— more serious— on fuel oil, replace the 
electric trams which, of course, caused no pollution. On the other hand, 
^ the suppression of steam traiifs has changed the situation along the railroads. 
The substitution of the electric train has solved the problem of pollution, 
although at the moment a great deal of attention is being paid to the 
question of Diesel engines. Traffic in ports, on rivers and canals also raises 
problems: the use of craft running on petrol instead of coal or similar fuel 
has done away with the dense smoke, but it has not solved all the problems. 

The social aspect of pollution may also be considered from the point 
of view of the future. What lies ahead? Industry is certainly expanding 
rapidly, and regions which were formerly free from pollution are now 
becoming exposed. In our view, those responsible for this expansion should 
include in their preliminary studies the question of the air pollution to 
which the inhabitants living near the industr>' will be subjected. Such 
studies should cover not only the effects on the health of the inhabitants, 
but also the effect on crops. The choice of site, taking into account the 
topographical and meteorological conditions, is extremely important if 
repetition of disasters and disquieting social problems such as those of 
the Meuse Valley and Donora are to be avoided. 

The medical aspect of these problems is very complex. Statistics are 
unfortunately scarce, but their compilation would be highly desirable in 
the interests of devising suitable precautions. 

The general public should be informed of the situation, not only so 
that they may understand it and appreciate the extent of the efforts made 
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for their benefit, but also so that they may become aware of their own res- 
ponsibilities in this matter of air pollution. 

Physical and chemical studies are no doubt continuing, but substantial 
encouragement should be given in the search for a relationship between the 
scientific data and the health of the conr*munity, for otherwise extremely 
expensive measures may be adopted without there being any guarantee 
that they will improve general living conditions in the regions in question. 

The systems for the measurement of pollution are multiplying. Interest 
is very great in devices permitting continuous measurement, for thib is the 
only way of detecting the occasional emission, over short periods, of immense 
quantities of polluting materiai— which is the real trouble in some areas. 
People without special knowledge of the subject find it difficult to unUerstand 
that it is not easy to detect the clandestine emissions v^hich annoy them. 
Real difficulty is nevertheless encountered with many of the standard 
instruments, which give only the average pollution over fairly long periods. 

Legislation for the protection of communities will have to be flexible 
in order to cover the differing local and operational conditions, but it 
should also prescribe measures which can be easily applied, such as the 
prohibition of certain fuels and certain types of unsatisfactory appliance. 

The community is benefiting today from the great progress made in 
purification t^hniques and in the design of appliances, whether for the 
treatment itself or for control. There is no doubt that this progress — the 
result of discoveries in other fields — has led to the solution of many pro* 
blems which were formerly insoluble. There are, nevertheless, some diffi- 
culties for which no satisfactory remedy has as yet been found, and among 
these is that of the emission of low concentration sulfurous smoke. The 
odour problem, which in many cases has been solved, still worries the 
responsible authorities. 

In general, therefore, it may be sakl that the rise in the number of sources 
of pollution coincides with constant progress in methods of combating 
this nuisance. In the future, therefore, if progress continues, there is no 
reason to expect that living conditions will become more uncomfortable. 
Nevertheless^ the public must be given at least elementary information on 
these prot^Kms and the financial means and techniques for overcoming 
them, so that the progress made may be appreciated. In addition, those 
whose task it is to study the problems and to adopt the necessary measures 
should be given adequate support, help and encouragement. 
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CONTROL OF AIR POLLUTION 
BY SITE SELECTION AND ZONING 



The fbamSmg and zoning process 

Planning is the over-all consideration of the use to which land in a 
particular area might be put, appropriate weighting being given to the 
peculiarities of specific local sites. Zoning is the legally instrumented guide 
to private and public land use, preferably in accord with a comprehensive 
{dan, although this is not mandatory in many jurisdictions (California 
State, 1955). American practice, for example, considers that the two 
processes may be undertaken separately (New York State Department of 
Commerce, 1953), while British practice regards them as indivisible. 

Zoning is an exercise of police power (regulation based on public 
health, safety, welfare, and convenience) made available by appropriate 
le^l proce^ to the local jurisdiction in order to control the orderly use 
of buildings and land (Gallion & Eisner, 1950; Horack & Nolan, 1955). 
Most poH^ powers, such as those enforcing health or building regulations, 
are applied uniformly throughout the local jurisdiction. Zoning is diffeient 
in that it can district or regulate differently various portions of the juris- 
diction but must be uniform within such smaller areas. The zoning juris- 
diction may cover one or several combinations of local governmental units, 
such as city, county, area, district, region, or metropolitan area. 

The objectives of zoning are manifold — e.g., to lessen traffic congestion, 
to minimize fire and other hazards, to provide adequate light and air, 
to prevent overcrowding of land, to facilitate the provision of transportation, 
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Utilities and other facilities. Traditional zoning effectively decentralizes 
or clusters uses in new areas, has a limited effect on existing uses in old 
areas; and has the marked disadvanta^ of divided authority in metro- 
politan areas containing many cities. The Iceside of one city may be the 
windivard side for an adjacent city. For effective control, larger air pollu- 
tion zoning jurisdictions or districts, or even inter-statc compacts or inter- 
national agreements, may be advisable depending on meteorological 
conditions. Although local governments are accepted as the level for air 
pollution controL ^ome authors have advocated that the responsibility 
should not descend to the city level but be at the metropolitan level with 
jurisdiction over cities within the district (Association for Planning and 
Regional Reconstruction, 1950; Chute, 1955; National Conference on Metro- 
politan Problems, 1956; California University, Bureau of Public Admi- 
nistration, 1957). In passing, it might be noted that governmental control 
of air pollution is not entirely accepted by some segments of society on the 
grounds that control is a technological rather than a legal problem (Mac- 
Donald, 1956). , Opposing viewpoints draw attention to the fact that suc- 
cessful smoke abatement occurred only after vernmental control was 
a{H>lied, and that timely and effective air pollution abatement require 
such control (American Society of Planning Officials, 1955a; Hoover, 19^) 
The role of zoning as a means of air pollution control has been a subject 
of frequent discussion by many control experts, who have ^nerally pl^cd 
primary emphasis on the control of the contaminants at the source. Yet, 
control devices are not available for all contaminants; and the control 
is not absolute even in those cases in which devices do exist. Air pollution 
zoning could be effective in controlling the effects of residual emission after 
partial control or to gain time in which to develop better source-control 
technology. Practices that are not themselves pollution sources sometimes 
generate sources of air pollution. For example^ a clean or smog-free 
electronics assembly plant might induce smog as a result of the automotive 
operations incident to operation of the concern. General zoning and plan* 
ning could be utilized to reduce the mobile smog source decentralization 
of industry, encouragement of rapid transit, elimination of automobile 
traffic in congested city centres, use of the free-flow type of roadway or 
freeway, and reduction of home to work travel. 

Vmt oatto'e <rf air poUntioa control 

Discussion of means of combating area emission problems requires 
knowledge of existing control techniques. There arc two opposing theories 
of aerial waste disposal— namely, concentrate and contain, or dilute and 
disperse (Lieberman, 1957). 

The concept of concentration and containment s primarily that of the 
control of the individual pollution source by installation of a property 
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engineered collection device. This can be augmented by restricting the 
industrial sources to a single area wherein their emissions will not affect 
their neighbours. In some cases, the specific contaminant prevents efficient 
collection, and is more easily converted to an innocuous substance and 
dispersed; examples occur in odour abatement by incineration and catalytic 
combustion in solvent control. Sometimes it may be necessary to alter 
completely the process fuel or material in order to prevent uncontrollable 
pollution downstream from the source. 

When we turn to the alternative technique of dilution and dispersion 
in space and time, there is a close analogy with the problem of water pollu- 
tion control. In considerations of water pollution control the boundaries 
are the stream bed and water surface, which arc to be comj^red, in the 
case of aerial dispersal, to terrain features plus the presence of an '^inversion 
base " acting as the uppermost surface of the air flow. In some areas and 
at some times the inversion base is at the tropopause. The relationships 
of turbulence, flow speed, and mass emission load are comparable in the 
two cases. As in water pollution control, dispersal of tne sources to prevent 
excessive concentrations before dilution can o<xur would be a useful 
control measure. Likewise, timed emissions of pollutants can be utilized 
to keep con<^ntrations lower. Periods of low water flow produce higher 
concentrations of contaminants, and the same is true of low wind speeds 
in air pollution. The air pollution problem can be considered to consist 
of four steps in sequence: production, emission, transfer, and reception 
(Frenkiel, 1956), During each phase, attempts can be made to reduce 
the danger of contamination and in most cases, scientific and technological 
methods already exist. In some cases it is possible, by changing production 
methods, to reduce the discharge to the air. In others the production 
methods may be changed in order to attach air pollution control equipment, 
thus reducing the .*mi^ion. But in the general case air pollution control 
equipment is considered to reduce the emission to the atmosphere without 
changing the production process. 

Prodactkm cli^ficttion 

Aerial contamination may be grouped in several ways: by type of acti- 
vity, by type of process, by type of contaminant. The most ^neral classi- 
fication is by type of activity, since one industry may use several processes 
and evolve many diflerent a>ntaminants. The general form as in the US 
Standard Industrial Qassification us^ by the Census Bureau is a useful 
grouping. Thus the total contaminant load per industry, e,g., petroleum 
reftning,asphaltpavmg,rockcrushing, is available for comparison. General 
pcllution sources other than industrial are those resulting from traffic and 
incineration of rubbish and waste materials. 

A more sp^iflc classification of pollution sources is by proce^. Here, 
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cross*industry tabulations of processes allow one to assess the relative 
importance of industrial procedures and efficiency of available control 
devices. Assessment of contributions to air pollution by combustion, 
evaporation, grinding, crushing, et::., can be made. Of greatest importance 
is the classification by type of contaminant. In this instance, emission rates 
in terms of average and maximum values are needed in order to estimate 
pollution levels after dilution, downstream at the point of damage or per- 
ception. Involved in these considerations are the state of the pollutant, 
whether gaseous or particulate, its relative toxicological or nuisance pro- 
perty, its additive or synergistic effects, and exposure of the recipient. 
More recently attention has also been given to the chemical properties 
of certain pollutants, as various aerial reactions have been shown to occur, 
for example, in the atmosphere of the Los Angeles area. 

Assumed in the production classification is the fact that a source, even 
though controlled, may still emit some pollutants to the atmosphere. 
Actually, if all source controls could be atmlutf , there would be no need 
for further discussion, as the problem of air pollution would not be a factor 
in site selection or zoning. 

Transfer and perception 

Once the pollution has beea emitted from the source, the mechanism 
of transfer must be considered. The meteorological information of the 
genera] region yields gross information as to the extent to which air pollution 
sources need to be controlled. Mesometeorological dita bearing on the 
particular site under consideration determine the degree and/or nature 
of control for that site. 

It is conceivable that at times the importance of the industry or process 
which produces the air pollution may cause abandonment of certain prac- 
tices or land uses in the immediate area. For example, consider the change 
in the agricultural pattern in the immediate Los Angeles vicinity, where 
smog-sensitive leafy vegetables are no longer grown on a large scale. The 
" green belt area principle advocateci by planning authorities in Great 
Britain separates industry and its emissions from the human perceptors 
(Howard, 1946), and in the USSR a similar suggestion has been made to 
remove the inhabitants from an area two kilometres in radius surrounding 
refineries and other specified industrial activities, thus creating a buffer 
zone (Goldberg, 1948). 

In the discussion to follow, site selection and zoning will be considered 
in close relationship. Zoning is the application by regulation of the planning 
programme which encompasses all the sites in a particular area or region. 
Planning and zoning are therefore matters of official concern. By contrast, 
site selection is primarily the concern of the industry seeking to locate 
a plant within a given area. 
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Site Selection as tn Air PoUntioii Control Metsure 

Site selection is the process of locating a single industrial plant and is 
alternatively referred to as plant location. From the standpoint of air 
pollution control, site selection results in the creation of a single source 
of pollution as compared with the more complex problem of area or multi- 
source emission (Larson, 1956). 

In the USA, site selection is mainly the concern of the individual indus- 
trial plant and is influenced primarily by economic factors. To establish 
intelligent and reasonable contt ol regulations, governmental agencies must 
understand the factors involved in selection. As in most human endeavours, 
there is a wide discrepancy betw^n actual practice and accepted theories 
of site selection. 

Stated otherwise, the theory of site selection is still in the developmental 
stage and consists of hypotheses not yet verified or substantiated. 

The best summary of current American site selection theory is by 
Woodbury (1953) in his chapter on industrial location and urban redeve- 
lopment. Outlined therein is Hoover's basic framework of industrial loca- 
tion. The assumption is made that site selection is concerned with finding 
the best location, keeping expenses low, and income at the highest level 
possible. It recognizes two general types of cost, processing and transfer. 
Processing costs include on-site fabrication expenses, while the relatively 
more important transfer costs include expenses ^f bringing in raw materials 
and delivery of finished products. Four major types of industry are iden- 
tified: material-, labour-, and market-oriented, and " foot-loose " industries* 
The advantages of the large urban area such as labour supply facilities, 
services, marketing and related industries are noted. The history of indus- 
trial site selection has developed in two phases. The first was the formative 
process where it depended heavily on the existing central city, and the second 
is the movement to outlying fringe areas of branch plants of well-established 
firms or a sin^e-nature firm with expansion requirements. Site selection 
apparently proceeds in two steps. The first is the selection of a general 
region, and the second is the choosing of a specific site within the region. 
Surveys show that the region is selected on a more objeciive or rational 
basis than in the latter phase of picking a specific site (Dickson, 1948, 
Garrabrant, 1953; Los Angeles County Chamber of Commerce, 1954). 
In relation to air pollution control the considerations should be in reverse 
order, as wide variations of climatic features can occur within an economi- 
cally advantageous region. 

Normal factors of significance in selectioii of a general region are: 
markets; labour; material; transportation costs; utilities; climate and 
living conditions. Specific local site selection factors are: availability of 
usable land; building availability or costs; proximity to labour, housing, 
transportation, utilities, and related industries; plant protection, facilities 
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of police and fire service; amenities such as housing, recreational and cul- 
tural facilities for employees; and restrictive zoning, water, and air-pollu- 
tion regulations (Atkins, 1952; Breese, 1954; Newhoff, 1952; US Department 
of Commerce, Area Development Division, n.d.). 

Air pollntioa factors 

Factors related to air pollution have acquired considerable importance 
in recent years. Private enterprise has been forc^ to a broader view in site 
selection by the realization, whether influenced by law or by other pressures, 
that such selection should not have a degrading effect upon the community. 
To avoid costly control measures, to improve public relations, and to prevent 
litigation, Larson (1956) recommends that site selection take «nta conside- 
ration the nature of the air contaminants, the efficiency of available control 
devices, pertinent meteorological factors, and the potential effects on the 
surrounding areas. For instance, in the location of sites for atomic reactors, 
weather is a most important factor (White & Pack, 1956). Site location 
in these cases has had to consider not only the effluents from the atomic 
disintegration process, but also the possibility of accident resulting from 
a runaway reactor (US Weather Bureau, 1955). Continued experience and 
improved t^hniques will lessen the likelihood of :*.ccidents and will allow 
the reactors to be located closer to urban developments. The requirement 
of many industrial pro<^ses for supplies of clean air introduces another 
aspect of air pollution into the process of site selection. For example, 
clean air is necessary for cooling the reactoi^ of atomic energy plants, 
since if polluted air were used, the impurities present would become radio- 
active and their escape into the atmosphere would create a hazard. Many 
micro-assembly plants need extremely clean air in order to maintain pro- 
duct quality. One such type of industry is the manufacture of transistors. 
Also, manufacturers of medical items such as antibiotics, vaccines, and sera 
must maintain practically sterile standards of air purity. In these cases, 
location of industries in areas of heavy air pollution will add materially to 
the cost of cleansing the air. 

The prime factors to be considered in eflbrts to minimize air pollution 
problems by site selection are the climate and meteorolo^ of the locations 
under consideration. The dispersive ability of the air at each possible site 
has to be deteniihied on the basis of average values for wind movement 
and inversion cond\ions. Again the similarity to water pollution must be 
pointed out. In order to disperse effectively the pollution load, the air has 
to dilute the pollution load down to acceptable levels of contamination. 
Acceptable levels will have to be determined for each community or region. 
Hewson (1957) describes the two-step process "general region and specific 
location'' for analysing the meteorological environment necessary for favou- 
rable atmospheric diff'usion. 
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The general regional characteristics may be extracted from the long-term 
climatic record at a representative weather station. The local mesometeo- 
rological features may be inferred from analysis of the topography; soil; 
degree, type, and location of vegetation cover; location of built-up areas, 
etc. If such local data are not definitive, then a programme should be ini- 
tiated to pinpoint local factors influencing air pollution dispersal. More- 
over, even if a site is already chosen, ambient contaminant levels should be 
measured for at least a year to determine variations of poHution and provide 
a basi for estimating future contaminant levels. 

Im ividual sources may be located in close proximity to each other 
without their emissions becoming additive, provided the local air flow passes 
only infrequently from one to the other. The airflow, or trajectory, i£ 
influenced greatly by the topography in the neighbourhood of the site under 
investigation. Terrain features such as location in a valley or near other 
orographic features which channel the airflow are readily recognized 
as predominant features and thus are determining factors in the tra- 
jectory configuration. Also of importance is the .^tion of sites on 
moderate land slopes in relation to pollution receivers, as drainage wmds 
may move emitted contaminants over very sensitive receptors. Certam 
insecticides are known to sensitize vegetation to the effects of smog of the 
type found in the Los Angeles area. Emissions from an insecticide 
manufacturer may have an inhibiting eflTect on agriculture when field crops 
dependent upon bees for pollination arc located downwind. Similarly. 
2-4 D manufacturers have experienced difficulty when broad-leafed 
vegetation exists downwind from the site or from the point of spray 

application. . • j 

In considering each possible site for the location of a plant, the industry 
has to balance the factors relating to availability and cost of control of air 
pollutants against site advanta^s. Local regulations may require controls 
so efficient that the expense of compliance may out-balance favourable 
cost factors due to market proximity, labour availability, etc. A govern- 
ment jurisdiction imposing these pollution restrictions must also be aware 
of controls available and not impose conditions impossible of accomplish- 
ment. The control of automobile exhaust would certainly lower the atmos- 
pheric pollution load in communities such as Los Angeles where this mode 
oTtransportation is predominant. However, at present there is no proven 
method for source control of automobiles short of their abolishment. 
Thus the curtailing of automotive use. while a social benefit from tne stand- 
point of air pollution control, would immobilize the community and be an 
achievement gained at the expense of the entire community. Power plants 
are another example of the balance that has to be achieved between the power 
requirement for a community and the pollution resulting from its production. 
Both of these illustrations show the need for intellipnt application of air 
pollution controls per se, or in the form of zoning requirements, in order 
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that the growth of a community will not be hampered. The regulatory 
authority should establish: 

(a) that it is necessary to reduce the pollution load, 

(b) that control equipment exists, or the control principle is known, 

(c) that the requirement for its use will not be discriminatory, and 

(d) that it is feasible in terms of total economics versus achievement. 



Basb for ZAsmmg as an Air PoUotion Control Measure 

As pointed out, air pollution progresses in four steps: production, 
emrssion. Transfer, and pcr^ption. Land use planning in the form of 
zoning may be applied to each phase. The location of the sources of pro- 
duction, the amount to be emitted, and the location of land uses susceptible 
to air pollution damage lend themselves directly to the principles of planning 
and zoning. Zoning as a control measure is based mainly upon a knowledge 
of the mechanics of the atmosphere, which is the transfer medium. To 
develop a comprehensive regional plan of land utilization a complete inven- 
tory of the demographic, topographic, and climatic features of the area 
concerned is necessary. These three items are listed in decreasing order 
of man's influence upon them. The climatic features are not controllable 
at all, but their relationships to air pollution must be taken into account. 
Minor changes in topographic features are now within the capabilities 
of man, but changes on a regional basis to cause alterations in climatic ^ "4 
conditions are stilt not practicable. Demogmphic factors are wholly 
dependent upon the utilization or occupancy of the area under study. 

Climatic featares 

The weather factors most directly determining the capability of the 
atmosphere of a particular region to disperse air pollution are air stability 
and wind movement. Wind data are observed continuously, while the air 
stability is measured periodically. During interim periods of stability 
determinations the change in stability is followed by observing the surface 
temperature. Wind data are usually readily at hand, while stability data, 
being more costly to obtain, are usually lacking in critical area. 

The weather element which reflets the intensity of air pollution is 
visibility. Weather stations that measure surface wind velocity normally 
also report t'u2 visibility and the condition which limits the visual range at 
low values. Evaluation of trends of daily average visibility or numbers 
of days per month of low visibility for extended periods often reflect the 
urbanization of the surrounding area. Usually these data are only collected 
after the onset of an air pollution problem, and comparison to pre-pollution 
periods is impossible. If suflicient visibility reporting stations are esta- 
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blished within the region concerned, it may be possible to evaluate the 
influence of single industrial plants or types of plant. Increases in visibility 
at weekends are indicative that plants such as refineries, steel mills and the 
like, which maintain operations seven days a week, have little effect on 
reducing visibility on the week days. 

The atmosphere exhibits self-scavenging ability with respect to air 
pollutants, similar in principle to pollution elimination in flowing water. 
Oxidative processes tend to reduce organic pollution to carbon dioxide 
and water vapour. Aerosols conglomerate and settle out or are washed 
out by rainfall. Pertinent climatological considerations range all the way 
from world-wide phenomena to highly specific information related to 
specific sites. Climatological analogies may be recognized in widely scat- 
tered regions. For example, the situation confronting Los Angeles and 
vicinity, in which general circulation patterns produce prolonged subsidence 
inversions, occurs frequently in at least four other regions of the world: 
industrialization of these areas should be discouraged if alternate localities 
are available. At present these other areas — the north-west coast of Africa, 
western coast of South Africa, south-west coast of South America, and 
east coast of Australia— have relatively little industry. 

Geographical and tc^ographk fcatares 

A noticeable characteristic of modern industrial plants is the trend to 
one-storey construction, which demands nearly level terrain for economic 
building and ease of transportation access. It has been found that land 
slopes of less than 10 % are advantageous for modern industrial plants. 
A land-slope study should be accomplished for the region concerned and 
account taken of existing land uses which cannot be supplanted by indus- 
try. In the past it has been usual for zoning officials to designate residential 
and commercial areas and then relegate remaining areas to an industrial 
classification (National Industrial Zoning Committee, 1951). Thus, in 
spite of an apparent abundance of industrially zoned land, owing to the 
zoning of submarginal land by default, there may be an actual shortage 
of usable industrial sites (Muncy, 1954). This lack of adequate industrially 
zoned land is shown by constant modification or amendment of zoning 
regulations to increase the industrial areas in spite of existing vacant indus- 
trially zoned properties. Industries extracting natural resources such as 
rock, gravel, sand, oiU coal, etc. must be located where the resources are 
placed by nature. Land zoning in the vicinity of these resources must 
take into account the associated aerial contamination which will result, 
and, as the source cannot be moved, pollution receptors should be so located 
that they will not be adversely affected. 

Owing to large-scale pressure and temperature gradients larger moun- 
tain chains do not restrict the flow of pollution, but they do channel the 
direction of the flow into and through valley passes. Smaller areas of 
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Concern are individual valleys where localized wind movements may occur, 
and prolonged periods of nearly calm conditions are frequent. Industriali- 
;^.uon i iese areas must be minimized. 

Economic and cultural features 

In order to predict future circumstance it is necessary to extrapolate 
from current and past knowledge. The existing industrial pattern must 
be inventoried and classified before alternative future programmes can 
be recommended. Industrial data are normally presented only in summary 
form without regard to location within defined areas. Usually the boun- 
daries of these areas are related to jurisdictional or governmental factors 
and change from time to time. The survey method adopted should provide 
for comparability of data. A one-mile grid system has been adopted by 
the Los Angeles County Air Pollution Control District as a means of locat- 
ing factories independently of changing local governmenUl boundaries. 
The grid is also used for trajectory analyses, isodemic correlations, traffic 
flow and other related demographic features. Since few individual manu- 
facturing concerns can afford to conduct surveys on a regional basis, such 
studies will need to be underwritten by governmental a^ncies or by trade 
associations. 

The location of existing industrially zoned land may not be sufficient 
for the future. Current residential areas may deteriorate to blighted areas, 
and may be redeveloped as industrial. To find the areas which may be 
expected in the future to house industry, the " sieve " procedure developed 
in Great Britain in 1938 may be used to eliminate that land which is not 
suitable for industrial use b^use of such factors as excessive slope, lack 
of access, scarcity of water, or other limiting factors of the areas (N&tional 
Resources Planning Board, 1942). Only the vacant land in this remaining 
are3 can be considered as potential industrial land. . Some pieviously 
occupied areas have been redeveloped for industrial use in the USA under 
the provisions of a Federal Act, but this has occurred only in limited areas 
(Garrabrant, 1955). This method of eliminating blighted areas was under- 
taken because zoning per se was relatively ineffective. There are several 
demographic features which should be considered in forecasting the indus- 
trial ^owth of the community. Perhaps the most readily at hand is the 
present location of the population, which can be shown in terms of an 
isodemic map of the area under study. By constructing similar maps for 
previous census enumerations, a graphic presentation of the past growth 
is developed. Extending this to the future will yield isodemic maps 
which can be related on a per capita basis to area requirements for industrial 
acreage and may also form a basis for deri /ng traffic loads between expected 
resident population centres and forecast employment centres. At the present 
time the automobile exhaust, although recognized as a major contributor 
to air pollution, is without a control mechanism. Until the control of this 
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pollution source is resolved, traffic itself must be considered a source as well 
as a result in applying zoning principles to the air pollution problem. 

Applicatkms of Zoning to Control of Air Pollution 

Whenever the pollution level becomes critical owing to ineflTective volun- 
tary control efforts, the public demands, and usually receives, compulsory 
regulation with more restrictive or arbitrary controls than those which 
existed previously. Under such conditions zoning may take the sterner 
course and simply prohibit offending mdustries from the entire area or 
from portions of selected areas. Such drastic measures may not be the ideal 
solution for large metropolitan areas but may be the answer for some 
satellite cities. A less restrictive policy may be one providing open areas, 
preferably government owned, for multipurpose use, such as watershed, 
flood control, airport approach, recreation, to allow greater dilution of 
fall-out of contaminants before they reach the receptor areas. If the conta- 
minants are not harmful to vegetation, then the open areas may take the 
form of the green-belt development advocated by city planners. 

Source density 

Density of industrial source regulations may be applied directly as source 
or sources per unit area, to keep emission concentrations wkhin acceptable 
mass concentrations (Larson, 1956). Indir^t density regulations are 
available through minimum or maximum yard, height, size of site, workers 
per acre land coverage, and building bulk requirements. Moreover, 
through public policy, additional means may be used to further the decen- 
tralization of industries through assessment, rate setting, and circulation 
policies. Conversely, the low density provisions may be applied to restrict 
receptors of smog damage such as residential areas in the path of high 
smog concentrations. 

An alternative to dilution by dispersion through mechanical and thermal 
turbulence is the dispersion of the source itself or decentralization of indus- 
try. Further indirect air pollution benefits might be derived from the pos- 
sible reduction in automobile exhaust if industry were decentralized to the 
residential suburbs of the metropolitan area (Warren & Davidge, 1930). 
Since Los Angeles residents travel predominantly by automobile, it is 
understandab^ J that if the residents were to work in n€»rby factories, air 
pollution from this source would be redu<^. 

While a lepl authority to zone with respect to air pollution control 
may exist, the application of such power must not be arbitrary, capricious, 
or unreasonable. A reasonable l)asis for the zoning must exist and may take 
the form of a mesometeorological study showing the inter-relationship 
of areas within a region dtte to wind trajectory frequencies and degree 
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of pollution. This system of allowing or prohibiting industries in specific 
areas will only work if the mesometeorological study shows channelling 
effects in the wind movement, especially during periods conducive to air 
pollution accumulations. When the situation of haphazard wind movement 
arises, then the system of intra-regional placement will not be effective and 
source location density will have to be restricted to obtain acceptable pollu- 
tion levels. 

The continuing influx of population into urban centres is giving rise 
to super-cities, and the proper location: of industries will be hampered 
owing to the division of control between many governmental units. The 
jurisdictional area for control must embrace all the urban area subject 
to the climatic features which induce the air pollution problem. Within 
a climatic region, zoning based on the local weather factors would allow 
for the " districting of sources in conformity with an over-all plan. This 
placement policy would supplement the present system of control at the 
source. 

The principle involved in' timed emissions is the imposition of two sets 
of performance standards in a locality where air pollution problems exist 
interspersed with periods of low and high dispersion capability (Hewson, 
1957). The higher performance standards would be required at the onset 
of weather conditions conducive to air pollution. Th^ Trail, British Colum- 
bia, incident resulted in an example of source control during periods when 
pollution accumulates, with no source controls when conditions of no 
inversion and relatively high winds do occur. In Los Angeles County 
this principle has been applied to the problem of restricting rubbish burning 
in the southern portion of the County, dependent on whether the dispersive 
volume defined by certain meteorological parameters is below critical 
values. The Los Angeles County Air Pollution Control District also has 
a regulation relating to emergencies when toxic contaminants in the atmo- 
sphere ex<^d specified levels. In this latter case the control becomes in- 
creasingly strict until the worst conditions occur and source controls require 
complete shutdown of all industrial pollution sources. 

SpecifleatiMi of raw materiab and proc^ses 

In ^rtain critical areas another means of control would be through the 
regulation of raw materials and processes (American Society of Planning 
Officials, 1955b; O'Harrow, n.d.). For example, the type of fuel to be 
burned could be limited to natural gas, and residual fuel oil could be pro- 
hibited. Another example might be that no organic solvents would be 
permitted for cleaning and painting processes in specified areas. Smokeless 
zones have been created in selected industrial areas in Great Britain by 
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limiting industries and residences in these zones to the use of certain specific 
fuels (Wilmott, 1952). With technological advances, the substitution of 
materials and chemicals may be more feasible in the future. In the Los 
Angeles area, the inefficient single-chamber incinerator has been outlawed 
for industrial and commercial uses and will soon be prohibited entirely, 
allowing only the more efficient multiple-chamber incinerators. 

Specification of fuel composition can be accomfrfished by zoning ordin* 
ances, and this principle has b^n applied in St Louis and Pittsburgh and 
other areas where the use of high volatile fuel is prohibited. The oil industry 
is continuously improving the yield of light fuels per barrel of crude, with 
the result that impurities, such as sulfur, are concentrated to a smaller 
residue. Although this residual tarry oil is a relatively inexpensive fuel, 
its high sulfur content gives rise to visible plumes which may restrict visibi- 
lities over large areas. This type of operation is quite common when 
electric power plants are constructed near refineries. Zoning may apply 
in this case by restricting the sulfur content of the fuel to be used to a level 
where the emissions are no longer bothersome. An alternative source of 
energy in areas where power is ne^ssary and pollution problems are critical 
is afforded by recourse to atomic power. In the atomic power plant there 
is no large volume of combustion exhaust gases to scrub for dilute concen- 
trations of contaminants and control measures are feasible. 
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PREVENTION AND CONTROL OF AIR POLLUTION 
BY PROCESS CHANGES OR EQUIPMENT 



lotrodiictfoii 

Atmospheric waste products maybe classified in two broad categories: 
aerosols and gases. Aerosols are liquid or solid particulates in suspension 
in a gaseous medium, usually air. In the fkld of air pollution these parti- 
culates are more specifically classified in terms of their met^od of generation, 
each class being further characterized by a particle-size range. Dusts are 
solid particles formed by some disintegration proi^ss such as crushing, 
grinding or demolition. Normally dust particles range above 2 {x in dia- 
meter but have been found to bz as small as O.i ^. Fumes are solids gene* 
rated by the condensation of vapours and may result from sublimation, 
distillation, or foundry processes, or from chemical reactions. The normal 
particle size of a fume is l^s than I |i. Fumes are often metals or metal 
oxides and their composition may differ materially from the substance 
from which they originated. Mists are liquid droplets smaller than 10 (x 
in diameter and are generated by <^ndensatton. Spmys are larger liquid 
droplets which are created by some mechanical disintegration process. 
In the collection of liquid or solid aerosols, chemical identity is not normally 
a factor in the choice of a control technique; however, in the control of 
gaseous emissions, chemical properties are often pammount in developing 
the technique employed. 

The degree of source control nec^sary to overcome a specific area's 
air pollution problem is a function of the mass rate of emission of conta- 
minants to the atmosphere within that area, the particular soun^ concen- 
trations present, the meteorological characteristics of e area, and the 
area's air pollution susceptibility. 

* Department of Health, Education, and Weifai^ Public Health Service, Air Pollution 
Engioeerinf Reiearch, Cincinnati, Ohio, USA. 
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Mass rates of emission and soun^ concentration may be estimated or 
actual source samples may be taken. In order that correlations of mass 
rate of emission and source concentrations may be more applicable, source 
discharges should be expressed as a function of some unit of production, 
eg , weight loss per unit of throughput. Air f^llution sources may be 
classified as domestic and industrial combustion processes, automotive 
engines, petroleum processing operations, chemical manufacturing pro- 
cesses, pyro- and electrometallurgical processes, mineral processing and 
food and feed manufacturing operations. Table I gives the type of contami- 
nant generally discharged to the atmosphere from typical sour(^s in each of 



TABLE 1 
SOURCES OF AtR POLLUTION 



CJa» 



ACFOMh 



Combustion 
processes 

Automotive 
engines 

Petroleum 
operations 

Chemical 
processes 



Pyro- and tlectro- 
metallurfiot 
processes 

Miraral 
processing 

Food and feed 
operatioftf 



Dust, fume 
Fume t 
Dust, mist 



Dust, mist, 
fume, spray 



Dust, fume 
Dust, fume 
Dust, mist 



6is« and vapoun 



Typtcsl lots rates 



NO». SOs. CO. 
ofganics. acids 
NO2. CO. acids, 
OTfanics 
SOj. HsS. NH^ 
CO. -^ydrocarbons. 
mercaptans 
Process^dependent 
(SOt, CO, NH3. acids. 
Oleics, solvents, 
odours, sulfides) 
SOs, CO, lluoHdef, 
organics 

Process-dependent 
(SOa. CO, flyofldes. 
organics) 

Odorous mtter.als 



0.0S%-1.S%by 
weight of fuel 
4%-7%by>,ciim 
of (hydrocarbons) 
0.25%.1.5%by 
weight of mauriai 
prottssed 

0.5%- 2% by weight 
of material processed 



0.5%- 2% by weight 
of material processed 

1 % - 3 % by weight 
of material processed 

0.25%.1% by weight 
of material processed 



these broad classifications. It is important to r«:ognizc that while practi- 
cally all such operations lead to the discharge of air pollutants, quantities 
within a single industrial category will vary as a result of production methods 
in use, raw materials employed, and air pollution control measures utilized. 

The second factor— meteorological characteristics of the area— which 
must be evaluatiKl in determining the degree of industrial source conta- 
minant control n^ssary aflFects the rate of accumulation and dispersion 
of air contaminants for that specific area. The dispersion of area concen- 
trations of atmospheric pollutants by air motion is a continuous process 
but the rate at which the contaminants are dispersed is variable and depends 
on the horizontal and vertical movements of the atmosphere. 
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Finally, consideration must be given to the area's air pollution suscep- 
tibility; that is, certain areas have a greater potential for air pollution than 
others. In this sense air pollution may be considered as an atmospheric 
condition defined in terms of its identifiable manifestations, i.e., irritation 
of the eyes and mucous membranes, reduced visibility, and damage to 
plants, animals, and property. 

Basically, four procedures are available for the control of effluent 
discharges to the atmosphere and thereby of their detrimental eflfects. 
These are: (a) reduction of contaminant discharge at the source by appli- 
cation of control equipment; {*) reduction at the source through raw 
material changes, operational changes or practices, or modification or 
replacement of process equipment; (c) dilution of the source discharge 
by the use of tall stacks; and (d) dispersion of source locations through 
allocation of land usage. 

It is the purpose of this discussion to consider only the first two of these 

techniques. 

The A^icatioii <rf Contrd Equipaicnt for the Prereotioii of Air PoUtitioii 

The objectives sought for in the application of air pollution control 
eqxiipment are the prevention of nuisance or physical damage to property, 
the elimination of health pr safety hazards to plant personnel and to the 
general populate, the minimization of economic losses through the reduction 
of plant maintenance, the recovery of valuable wste products, and the 
improvement of product quality. 

Performance of air pollution control equipment is assessed in terms 
of collection efficiencies. For particulate collection, efficiency may be 
defined as percentap removal by weight, percentage removal by weight 
per particle size range, or percentage removal by count. Evaluation of 
equipment eficcjiveness ma; also be accomplished by the measurement 
of the relative 6pacity of the discharge or simply in terms of the amount 
of contaminant released. Gaseous control eflfectiveness is normally mea- 
sured in terms of discharge concentrations of the contaminating material. 

In discussing the equipment used to control industrial air pollution at 
the source, it is convenient to divide it into two basic types— that for the 
control of solid and liquid aerosol emissions and that for the control of 
gaseous emissions. 

Control of aerosol emfesions 

The general principles of dispersoid collection are applicable for both 
solid and liquid aerosols. While it is not the intent of this paper to review 
the fundamental theory behind these principles, sufficient theory will be 
presented to illustrate the removal mechanisms employ^ in each type of 
particulate collection equipment. 
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It is not uncommon for extremely wide ranges of particle size to be 
encountered in air pollution control work; also, concentrations o&^aerosols 
in industrial applications may range from a fraction of a grain per cubic 
foot * to about 20 grains per cubic foot and occasionally loadings as high 
as several hundred grains per cubic foot are reached. It is evident, therefore, 
that with such extreme variations of aerosol size and concentration, man> 
types of collection equipment will be required to solve the industrial el iuent 
control problem. 

When considering the removal of dispersoids from a carrier gas str ^m, 
the following factors affecting the choice of a particular piece of co^rol 
equipment are significant: 

Particulate characteristics, including particle size spectrum, effective 
particle shape, particle density, and physico-chemical properties such as 
stickiness, hygroscopic properties, agglomeration tendencies, corrosiveness, 
flowability, el«;trical conductivity, flammability, toxicity, etc. 

Carrier gas characteristics, including temperature, pressure, arrf physical 
properties such as humidity, dew points of condensable components, den- 
sity, viscosity* electrical conductivity, etc., and chemical properties such 
as corrosiveness, flammability, toxicity, etc. 

Process factors, including constancy or variability of gas flow, volumetric 
gas rate, particulate concentration, collection efficiency requirements, 
allowable pressure drop, and product quality requirements. 

Operational factors, including maintenance, continuity of operation, 
safety and health protection, and ultimate use of collected materials. 

Constructional factors, including structural limitations such as floor 
space and headroom, and material limitations such as pressure, temperature 
and corrosion service requirements. 

Gravity settling chambers 

The gravity settling chamber is the simplest type of equipment employed 
for the collection of solid and liquid particulate dischar^s. It consists 
of a chamber in which the carrier gas velocity is reduced so as to allow the 
dispersoid to settle out of the moving stream under the action of gravity. 
The efficiency of collection for particles having a terminal settling velocity, 
u„ is expressed by the ^neral equation : 

= for < 1.0 (consistent units) (1) 

where, — weight collection efficiency of gravity settling chamber for 
particles of terminal settling velocity, Ut, dimensionless 



< i grain/€U.ft - 2.288 g/m*. 
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u, = particle terminal settling velocity, cm/sec. or ft/sec. 
Ah = projected horizontal area of chamber, cm* or sq.ft 
Q = volumetric flow rate of carrier gas, cc/sec. or cu.ft/scc. 

From this wjuation it can be seen that, for a given volumetric gas flow 
rate, the collection efficiency for any particle haying a settling velocity of 
u, depends on the total plan cross-section of the chamber and is independent 
of the height of the chamber. The minimum height of a gravity settling 
chamber, however, is established by the requirement that gas velocity 
through the chamber be sufficiently low as to prevent re-entrainment of the 
separated dispersoid. Normally this velocity should not exceed 10 feet * 
per second. 

It is e^ntial in this type of collector that the lateral velocity profile, 
be as uniform as possible and that a low degree of turbulence relative to 
the settling velocity exist. Deviation from these requirements will result 
in reduced efficiency of collection. These criteria are normally achieved 
by employing gradual inlet transitions, guide vanes, or gas flow distribution 
plates. 

Arrangements of vertical baffles have been used in some instances on 
the theory that increased efficiency will result from the superimposition of 
inertial forces on the particles. However, inertial effects from such an 
arrangement are so small that they are exceeded by the effects of in- 
creased velocity through the coU^or and may even result in decreased 
efficiencies. 

From a practical standpoint, industrial application of this equipment 
is limited. Practically, gravity separators are not employed for the removal 
of dispersoids below 40 in diameter b«:ausc of the excessive size of the 
equipment which would result for collection below this size limit. Even 
for the particle-size range above 40 |i, space requirements for this type of 
equipment are large. 

A modification of the simple settling clmmber employs a number of 
horizontal plates or trays within the chamber and this arrangement can 
lead to marked improvements in performance. As seen from equation (1), 
collection efficiency depends directly upon proj^ted horizontal area of the 
collector. Hence, the increase in efficiency obtained by the insertion of 
horizontal shelves is directly proportional to the number of shelves. Even 
with such equipment, however, the minimum particle size which can be 
collected in practice is about 10 ^. Use of this type of modified settling 
chamber is limited by difficulties in cleaning closely spaced trays and by 
their tendency to warp during high temperature operation. Also, this type 
of collector is not practicable for handling dispersoid concentrations 
exceeding one grain per cubic foot. 



> 1 f t » 0.3 m. 
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Properly employed and designed gravity separators possess many 
inherent advantages: (a) low initial cost; (b) simple construction; (c) low 
pressure drop; (d) low maintenance requirements ; (e)dry and continuous 
disposal of solid particulates; and (/) temperature and pressure limitations 
imposed op!y by materials of construction used. These advantages, however, 
are offset to a degree by several major disadvantages: (a) large space 
requirements; (b) decreasing collection efficiencies with decreasing particle 
size (very low efficiencies for particles below 10-40 yi in diameter); and (c) 
decreasing collection efficiencies with decreasing inlet dispersoid concen- 
tration. 

B^use of simplicity of construction and low maintenance costs, gra- 
vity settling chambei^ have found quite widespread application as pfe- 
cleaners for higher efficiency collectors. This reduces the inlet dust loadings 
to the second-stage cleaner and can remove large, highly abrasive materials, 
thus reducing maintenance costs of high efficiency equipment which is 
more subject to abrasive deterioration. Settling chambers are used widely 
for the removal of large solid particulates from natural draft furnaces^ 
kilns, etc. 

Inertial separators 

This classification of control equipment includes all dry-type collectors 
which utilize the relatively greater inertia of the dispersoid to effect parti- 
culate-gas separation. Two types of equipment utilize this fundamental 
principle: cyclonic sepamtors, which produce continuous centrifugal force 
as a means of exerting the greater inertial effects of the dispersoid, and simple 
inertial or im^mction separators, which employ incremental changes of 
direction of the carrier ^s stream to exert the greater inertial effiw^ts of 
the dispersoid Because of the importance of cyclonic separators in the 
air pollution control field, they will be discussed in a subsequent section. 

An obstructing body present in a moving dispersoid-laden gas causes 
the gas stream to be deflected around the body. The dispersoid, however, 
as a result of its greater inertia, will tend to cross the fluid streamlines and 
to impinge on the surface of the obstructing body. Impingement separation 
may be analysed theoretically in terms of so-called target efficiencies. Target 
efficiency is defined as the fraction of particles, in the fluid volume swept 
by an obstructing body, which will impinge on that body. Theoretical 
expressions for tar^t efficiencies for simple geometries may be derived 
from classical hydrodynamics, but for more complex situations experimental 
determ' -ations are require. It has been shown (Albrecht, 1931 ; Langmuir 
& Blodgett, 1946; Sell, 1931) that in the Stokes Law region, for any geo- 
metry, target efficiency should be some function of the dimensionless 
group, 

[Dp*Vo(Pp-p)]/ll8Dsix] 
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where. Dp = particle diameter, cm or ft 

Vo = velocity of fluid relative to obstructing body, cm/sec. or ft/sec. 
Pp = absolute density of particle, g/cc or Ib/cu.ft 
p density of fluid, g/cc or Ib/cu.ft 
Dg = characteristic dimension of obstructing body, cm or ft 
= viscosity of fluid, poise or lb mass/ft sec. 

For impingement of particles on an infinite cylinder or on a sphere, the 
following relationships hold theoretically: 

E, (cylinders) ^ ^f^"" Et _< (2) 

E,„pKe„,= p-^-i^']' (rorE,<,.0,,3, 
where, E| target efficiency, dimensionless. 

It may be said, therefore, that collection efficiency of an impingement 
separator increases with increasing particle size, with relative gas velocity, 
and with particle density; and decreases as the size of the individual im- 
pingement surfaces increases and as viscosity of the carrier ^s increases. 

These relationships have been derived for conditions of streamline flow; 
they should, however, be approximately correct for turbulent flow. Further, 
these relationships were develops for obstructing bodies in an infinite 
fluid and arc applicable provided the adja^nt collecting members arc not 
so closely spa<^ as to cause appreciable distortion of the flow patterii; 
this condition is generally the case for commercial air filters and liquid 
scrubbers. Where the membcre are spac^ such as to cause distortion of 
flow, the relationships for operating efficiencies will give conservative 
results (Lapple, 1950). 

For the different types of equipment within this classification, the con- 
figuration of the obstructing bodies will vary from simple straight baffles to 
more complicated patterns which give maximum impaction efficiency with 
minimum pressure drop. The wide variation of impingement surface 
configuration employed in commercial units prohibits a detailed discussion 
of each. However, the more fundamental types, i.e., baffle type, orifice 
impaction type, high velocity gas reversal type, and louver type, will be 
discussed. 

Perhaps the simplest type of impingement separator is the baffle chamber. 
Such a device forces the gas stream to follow a tortuous flow path, which 
is obtained by the insertion of staggered plates or shaped obstacles into the 
gas stream. In such devi<^ the gas is forced into a series of sudden changes 
of direction with resulting impaction of particles on solid surfaces. This 
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equipment is capable of removing particles larger than 20 |x in diameter 
with pressure drops varying from 0.5 to 1.5 inches^ of water, depending 
upon the type of application and the coniigurption of the impingement 
elements. Frequently commercial units are equipped with some mechanism 
for cleaning the impaction surfaces. Rappers are sometimes provided to 
remove the collected materials; other units employ a continuous or inter* 
mittent flowing film of water over the collecting surfaces. 

Because of the simplicity of construction, these units are capable of 
operating at elevated temperatures and pressures. However, care must 
be exercised that the materials to be separated are not tacky, since build-up 
on the impingement element can change the efficiency characteristics of the 
unit. Also, owing to the high impaction velocity in effect in this unit, 
abrasion is often critical. Baffle type units have found wide application 
for solids removal in power plants and rotary kilns and for the removal of 
acid mists. 

The second type of inertial separator is the orifice impaction type com- 
posed of two groups of orifice plates in series. The fim group consists 
of orifice plates followed by impact plates whose apertures are staggered 
from those in the first plate. Pa^ge of the ^s stream through this assembly 
promotes agglomeration of the conveyed particulates. Tlie second group 
consists of several plates with aligned orifices and acts as the collector 
element for the agglomerated particles. Many modifications of this type 
are available on the market but all employ the general principle of orifice 
impaction for the agglomeration and collection of the dispersoid. High 
efficiencies have been obtained in this type unit forjiquid aerosols larger 
than 2 |ji in diameter. Normal velocities through the orifices are about 
50-100 feet per second and seldom exceed 150 feet per second. The pressure 
drop through such units is approximately 2.0-2.5 orifice velocity heads. 

The third class of inertial separators is the louver type (Fig. 1). This 
unit contains a series of louvers or impingement elements set at an angle 
to the air stt^m so as to cause a single rapid reveml of air flow direction and 
thereby cause the dispersoids to impinge on the louvers. The particles thus 
impinged ^ebound back into the moving air stream in the inlet chamber 
and are removed from the collector by a s^ondary air circuit. Efficiency of 
this type of unit is basically a function of the louver spacing, closer spacings 
producing higher efficiencies. Plugging due to build-up on the front and 
back sides of the louver or by mechanical obstructions will tend to reduce 
efiicien(^ and volumetric capacity. For practical applications, efficiencies 
for this type of unit are similar to those for other dry-type inertial collectors. 
The principal advantages of this type of collection equipment are simplicity 
and low cost of construction as well as moderately low pressure drop for 
the degree of removal obtained. The disadvantages are a tendency for 
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FIG. 1 

LOUVER TYPE COLLECTOR 
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accumulation of particles on the louvers with a corresponding reduction 
in efficiency and excessive abrasicm of the louver elements, as well as an 
inability to handle tacky materials. Temperature and pressure limitations 
arc again imposed only by the materials of construction. 

In contrast to the above types of separator, the high velocity gas 
reversal chamber employs inertial separation, without impaction, for the 
removal of particulate matter. Here the bulk gas stream is caused to change 
direction at high velocities, thereby projecting particulate matter into an 
app-^opriately provide dead air space, from which the dispersoid is removed 
by gravity. Efficiencies for this type of unit are low for particle sizes of less 
than 50 |i. This type of installation is sometimes used as a pre-cleaner for 
more efficient control m^hanisms to reduce the load of large, diameter 
particles to these units. 

Cyclonic separators 

The cyclone separator represents one of the least expensive and most 
important types of dispersoid collector. It commonly consists of a cylin- 
drical or conical chamber with provisions for the entry of the dispersoid- 
ladcn ^ises tangentially at one or more points, and for discharge through 
a (Antral cylindrical opening at the top (Fig. 2). The gas path generally 
follows a double vortex with the gas spiralling downward at the outside 
periphery of the body and upward through the outlet cylindrical section. 
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FiG. 2 

LONG. SLENDER SINGLE 
CYCLONE 




Owing to the rapid spiralling movement ot 
the gas, the dispersoids are projected to the 
wall by centrifugal force and they then drop 
by gravity to the bottom of the body, where 
they are removed. During cyclonic separation 
carrier gas rotational velocity may exceed by 
several times the average inlet gas velocity. 

On the basis of analyses analogous to 
those for gravity separation, in which gravi- 
tational acceleration is replaced by centri- 
fu^l acceleration, a number of equations 
have been developed for the minimum dia- 
meter of particle which can theoretically be 
completely separated from the gas stream 
(American Petroleum Institute, 1955). The 
following is a typical equation illustrating 
the parameters involved (Rosin, Rammler & 
Intelmann, 1932): 



D, 



p. mtn 



9yL B 



V (pp - p) 



(4) 



where. Dp, n^,„ = diameter of smallest particles completely collected, cm 
or ft 

ii viscosity of fluid, poise or lb mass/ft sec. 

B ^ width of cyclone inlet, cm or ft 
V = average inlet velocity, cm/sec. of ft/sec. 
N, = number of turns made by gas stream in cyclone, dimen- 
sionless 

Pp = absolute density of particles g/cc or Ib/cu.ft 
P = density of fluid, g/cc or Ib/cu.ft 

An extension of this analysis has been made leading to a method for 
the prediction of over-all cyclone efficiencies (Lapple, 1951). This simpli- 
fied analysis assumes that the gas path withir^ the cyclone is in the form of 
a rigid spiral and that the rotational velocity equals average cyclone inlet 
velocity. In practice the flow pattern is considerably more complex leading 
to deviations from the efficiencies theoretically predicted (Lapple, 1950). 
Other studies have indicated that a " double eddy " at the inlet to the 
cyclone is superimposed on the double spiral and may in some instances 
affect dispersoid removal (Magill, Holden & AcKley, 1956 ; Shepherd & 
Lapple, 1939; Van Tongeran, 1935; Wallman, 1938). 

The design factor having the greatest effect on collection efficiency is the 
cyclone diameter. For a given pressure drop, the smaller the diameter 
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of the unit the higher the collection efficiency obtained, since centrifugal 
acceleration increases with decreasing radius of rotation. Centrifugal 
forces employed in modern designs vary from 5 to 2500 times gravity 
depending on the diameter of the cyclone. Present trends have been toward 
smaller diameter cyclones; however, with such units, in order to 
maintain adequate volumetric throughput, multiple units in parallel have 
been employed. For a given design, the effect of increasing ^s throughput 
and, hence, increasing the inlet velocity, is normally to increase efficiency, 
but at the expense of increased pressure drop. For practical applications 
cyclone design must therefore be limited by pressure drops which are 
feasible with commercially available fans. This limitation usually dictates 
that inlet velociUcs be in the range from 20 to 70 feet per second, but equip- 
ment is normally designed for a velocity of 50 feet per second. Normal 
present-day practice has established pressure drops for modem cyclones 
from 1 to 20 inlet velocity heads depending upon the geometric proportions 
of the equipment and upon the collection efficiencies required. 

Further efficiency increases are thought to result from an increase in 
cyclone body length but there are no conclusive experimental data to verify 
this. It has also been proposed that a decrease in the diameter of the ^s 
outlet produces a more significant effect on increase Li efficiency (Linden, 
1949). No general agreement has been reached as to the use of baffles, 
guide vanes, etc. for increasing cyclone efficiency. The predominant 
opinion is that, in general, they reduce efficiency (Alden, 1940; Lapple, 1950; 
Shepherd & Upple, 1939, 1940). , . 

Design results for cyclonic separators are no better than particle-size 
distribution data available to the designer, and less than rigorous attention 
to these data often results in unsatisfactory operation. Although there 
is considerable information in the literature on particle-size analysis, it has 
been noted that in practice data have sometimes beer *used which are 
statistically misleading and which have little physical significani^ when 
applied to cyclonic separator design. The measurement of particle size 
is not generally an absolute process and the method of measurement should, 
therefore, be based on the physical characteristics about which the infor- 
mation is desired. If, as in the case of cyclonic separator design, the size 
information desired is concerned with hydrodynamic and aerodynamic 
properties, the method should take into account particle mass, aerodynamic 
drag, etc.— i.e., terminal settling velocity. As a consequence, elutriation 
or sedimentation- methods will give the more useful results for the design 
of cyclonic separators. 

In practice cyclonic separators may be designed for the satisfactory 
collection of particles over wide ranges of size and concentration and over 
wide ranges of pressure and temperature. Cyclones have operated at tem- 
peratures as high as 1000^ C and at pressures reaching 500 atmospheres. 
Satisfactory separation efficiencies, when employing the high efficiency, 
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small diameter cyclones, are commonly obtained for dispersoids of 5-10 \i 
in diameter and greater. In applications where high dust concentrations, 
of the order of 100 grains^ per cubic foot and greater, are encountered, 
correspondingly high collection efficiencies for smaller particle sizes are 
obtained. In this regard it is significant that increased dust loadings will 
result in decreased pressure drop and Increased collection efficiencies 
(Drijver, 1937; Shepherd & Lapple, 1939). 

Cyclone designs are developed covering a wide range in size, geometry, 
and meti od of gas entry. Either cylindrical or conical cyclone bodies 
are employed with the diameter varying from a few inches, in the long 
slender units with high efficiencies in the sub-sieve particle-size range, 
to 15-20 feet in the short, large diameter units employed in the ultra*sieve 
particle*S!ze range. Gas entries may be involute or tangential or may 
employ guide vanes to impart helical motion to the gas stream. 

A variation of the simple cyclone design consists of units in which the 
centrifugal forces are developed by a mechanically driven rotating element. 
These units are so designed as to concentrate the dispersoid at the periphery 
of a scroll, housing the mechanical rotating element, where the dispersoid 
is removed through an annular slot or a skimmer. The chief advantage 
of the mechanical centrifugal separator lies in its compactness. Such 
units appear to have collection efficiencies af the same order of magnitude 
as those of the small diameter, high efficiency cyclonic separators. A limi- 
tation of this type of unit, however, is a tendency of certain types of solids 
to build up on the rotating element, causing plugging of the unit or rotor 
unbalance. 

Cyclonic separators have found widespread acceptance for the control 
of gas-borne dispersoids in such industrial operations as aggregate process- 
ing, cement manufacture, feed and grain processing, food and beverage 
processing, mineral processing, paper and textile industries, and wood- 
working industries. 

Universal acceptance of this type of collector has resulted from certain 
inherent advantages: (a) low initial cost; (b) relatively simple construction; 
(c) dry and continuous disposal of solid particulates; (d) low pressure drop; 
(e) relatively low maintenance requirements; and (/) excluding mechanical 
centrifugals, temperature and pressure limitations imposed only by materials 
of construction. The application of this type of separator is restricted, 
however, by three major disadvantages: (a) low collection efficiencies for 
particles below 5-10 in diameter; (b) decreasing collection efficiencies for 
decreasing dispersoid concentrations in the gas stream; and (c) equipment 
is subject to severe abrasive deterioration. 

Filters 

For the collation of extremely fine particulates where moderate condi- 
tions of temperature, humidity, and corrosion can be maintained, cloth 
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filters have found wide application rating second only to cycloric collectors 
in scope of application for industrial air pollution control. Fundamentally 
this type of collector is designed to remove solid dispersoids from the 
carrier gas by " filtration " of the gas through a porous medium. Two 
basic types of filter are at present employed; the first utilizes a fibrous 
medium as the collecting element, and the second utilizes the medium as the 
support for a layer of collected particles, relying upon this coat of the col- 
lected material to serve as the principal collecting element. The latter type 
is by far the more important for industrial application and normally utilizes 
a fabric as the supporting medium. 

The most common type of fabric collector is the tubular type consisting 
of a structure in which cylindrical fabric bags are suspended vertically over 
a tube sheet with the open end of the bag attached to the tube sheet. The 
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tube sheet, in turn, forms the upper side of a gas entrance plenum which 
also serves as a dust collecting hopper. The particle-laden gases pass into 
the gas entrance plenum or expansion chamber. Impingement on a baffle 
plate and a reversal of gas direction cause the heavier particles to drop oy 
gravity into the hopper. The carrier gas then flows upward into the tubes 
and thence outward through the fabric leaving the particulate matter as 
a " cake " on the inside of the bags. The filter bags are periodically cleaned 
by some combination of rapping, shaking, or vibration, or by reverse air 
flow, causing the filter cake to be loosened and to fall into the hopper below. 

Many types of fabric filter are classified under the general category 
of " bag filter " (Fig. 3). Basically they differ only with respect to bag 
shape, type of housing, fan location, and method of cleaning the fabric. 

Separation of the dispersoid from the carrier gas stream is not a simple 
filtration or sieving since the pores of the fabric employed in fabric filters 
are normally many times the size of the particles separated. The theory 
for removal of dispersoids by a fabric filter has not been fully developed* 
It is postulated that initial deposition of the dispersoid, prior to the forma- 
tion of a pre-coat, takes place trrough interception and impingement of 
the particulates on the fabric fibres, and on account of Brownian diffusion, 
electrostatic attraction, and gravity settling within the pores EflSciencies 
during pre-coat formation are usually low but increase as the pre-coat is 
formed, until a final efficiency of separation, usually well over 99 %, is 
obtained. Once formed, this pre-coat becomes part of the filtering medium 
and the significant filtration mechanism then becomes sieving. In industrial 
applications with ciust loading normally encountered, this pre-coat usually 
builc^. up in a matter of minutes, sometimes even seconds. As previously 
indicated, the theory, as yet, is not exact as to the importance of each 
mechanism in the over-all separation, but the particle-size range over which 
eacii considered to be effective is shown in Table 2. 



TABLE 2 

FILTRATION MECHANISHS AND PARTICLE SIZE RANGE 
^ OVER WHICH EACH IS EFFECTIVE 



H«chinlsiii 


ParticlMiz« raft(« 


Brownian diffusion 
Interruption 
lmpinf«ment 
Eltarosutic deposition 
Sievinf 


< 0.01 - 0.2 

> 1 
>2 
>0.01 

> Filter medium interstices 

1 



$oyrc«: SHv«rmM. If 50. 



Recent developments in the application of fabric filters for dispersoid 
control have been notable. Not only is there continued research toward 
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the understanding of the mechanisms of filtration, but there is an increased 
scope of employmer * nf this type of control equipment engendered by the 
development of a wide variety of filter media and by the utilization of gas 
cooling techniques in conjunction with the control systems. 

Recognition of the factors having an adverse effect on dispersoid removal 
efficiency has resulted in improved design and application of fabric filters. 
Some of the more common design deficiencies are: (a) excessive filter 
ratios; (b) improper selection of filter media; and (c) lack of on-stream 
capacity during cleaning. 

The term " filter ratio " is defined as the ratio of carrier gas volume to 
gross filter area, and is sometimes termed superficial face velocity. Ex<^ssive 
filter ratios have several deleterious effects on dispersoid removal efficiency. 
In practice, the employment of high filter ratios for fine particles such as 
metallurgical fume results in a rapid build-up of filter resistance. This, 
in turn, requires more frequent shaking of the bag and results in increased 
bag wear. Further, higher filter velocities, with corresponding increase in 
filter resistance, may reach levels inconsistent with reasonable power 
consumption. The effects of high filter velocity are amplified in the filtration 
of fine particles, but are much less pronounced in the filtration of fibrous 
dusts, which tend to form porous rather than packed cakes. Effects similar 
to those produad by excessive filter velocities are produced by high dis- 
persoid concentrations in the ^s stream. Decreased filter ratios are 
therefore recommended for high concentrations of dispersoids. 

In practice, filter ratios range from I to 6 cubic feet * per minute per 
square foot* of cloth area; filter ratios of 3 cubic feet per minute per 
square foot of cloth area have been established as a common standard 
for normal dusts; however, the recommended ratio for fine dust and metal- 
lurgical fumes does not exceed cubic foot per minute per square 
foot of cloth area. 

Filter resistances corresponding to these fiUer ratios normally he be- 
tween 2 and 6 inches of water but some instances of satisfactory operation 
have been recorded with pressure drops as high as 12 inches of waten 
Total filter resistance consists of (a) that imposed by the fabric itself, and 
(b) that imposed by the collected dust layer formed on the surface of the 
fabric. Since flow through the filtering medium under conditions encoun- 
tered in application is in the region of streamline flow, this total pressure 
drop can be expressed as a sum of two resistances, each of which is propor- 
tional to the filter velocity and to the effective thickness of the fabric and 
cake respectively. 

A^p = Ko V. + K, V. W (special units) (5; 



» 1 cu.ft = 0.028 m*. 
• 1 sq.ft » 0.092 m*. 
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where, Ap pressure drop, inches of water 

Ko = cocflScient of fabric resistance, inches of water/(ft/min.) 
V. = filter ratio, (cu.ft/min.)/(sq.ft) 

K| coefficient of cake resistance, inches of water/(lb dust/ 

sq.ft) (ft/min.) 
W = weight of cake per unit cloth area, Ib/sq.ft 



Improper application of filter media may result in unsatisfactory filter 
performance and in increased costs as a result of frequent bag replacement. 
In this regard, the fault normally lies in an inadequate appraisal of the 
operating limitations of the fabric. The more important of these limitations 
are temperature resistance, resistance to chemical attack, and abrasion 
resistance. 

In the single compartment bag filter it is necessary that the gas flow 
to the unit be stopped during the cleaning or shaking cycle to allow the 
cake dislodged from the surface of the bag to fall by gravity to the hopper 
below. If requirements of the process being controlled are such that con- 
tinuous operation is necessary, the bag filter must be of the multi-compart* 
mented type to allow individual units of the bag filter to be successively 
off-stream during shaking. This is rxomplished either manually in small 
units or by automatic programming control in large, fully automatic units. 
In this case sufficient cloth area must be provide to insure that filtering 
capacity will not be reduced during shaking periods when any one unit 
of the filter is ofT-stream. In this regard, it also should be noted that design 
should be based upon the maximum pressure drop anticipated, since 
pressure drop does not remain constant throughout a filtration cycle but 
varies from a minimum to a maximum value as filtration progresses with 
corresponding fluctuations in volumetric throughput. 

A modification of the simple tubular type fabric collector consists of 
a unit in which cloth envelopes supported on wire frames are employed in 
place of the tubular bags. In contrast with the bag filter, air is introduced 
on the outside of each envelope and passes through the fabric into the frame 
of the unit and thence out of the collector. The filter fabric on this type 
equipment is cleaned normally by a rapping action on the supporting 
frame. For very fine or tacky dispersoids this type of unit is not normally 
applicable, since the efficiency of cleaning in such equipment is not as 
effective as that in the tubular typ^ unit. 

A comparatively recent innovation in the field of fabric filtration is the 
reverse jet filter (Fig, 4). This unit differs basically from the tubular type 
unit as to the method of cleaning and as to the type of filter medium 
employed. The tubular filters in this unit are cleaned by a high velocity 
air jet discharged from the inner 5ide of a traversing a n ular ring which 
moves on the outside of the filter tube. The air jet passes x ngh the fabric 
in a direction reverse to the normal flow and removes caK • continuously 
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irom the filter surface. Current designs employ pressed felt tubes as the 
filtration medium. Three advantages are apparent in this type of unit: {d) 
the unit requires no shut-downs or programming for cleaning; (6) it operates 
at filter ratios from 10 to 30 as opposed to the normal filter ratios of I to 6; 
and (c) the over-all filter resistance and, as a consequence, the volumetric 
throughput, can be maintained at a nearly constant value. 

Fabric collectors have several distinct advantages which enhance their 
employment. These are: (a) high collection efficiencies for all particle sizes; 
(A) relatively constant collection efficiencies for variable gas flow rates and 
dispersoid concentrations; (c) simple construction; (d) dry disposal of the 
collected material ;,and {e) nominal power consumption. The use of fabric 
as a filtering medium, however, imposes several disadvantages: {a) operating 
limitations are imposed by high carrier gas temperatures, high carrier gas 
humidity (temperature of the gas must not fall below its dew poiiit), and 
chemical activity of the gas or the dispersoid; (6) only solid particulates 
may be collected; (c) high maintenance and fabric replacement costs; and 
{d) large size of the equipment. The first of these limitations has been 
partly overcome through the use of gas cooling apparatus where the problem 
of high gas temperature exists. In recent years the development of fabrics 
capable of withstanding higher temperatures has made the employment 
of gas cooling or conditioning more practicable, since the degree of cooling 
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required prior to their development often made gas conditioning economi- 
cally unfeasible. 

Three basic methods of lowering the temperature of gas streams have 
been employed: (a) cooling by radiation and convection; (b) cooling by 
evaporation; and (c) cooling by dilution with ambient air. The dilution 
method has not to date been used independently but rather as an adjunct 
to one of the first two methods. Radiation and convection cooling generally 
requires a greater initial capital outlay than evaporative cooling, but operation 
is less costly. Evaporative coolers (Fig. 5), however, necessitate the con- 
tinuous use of cooling water with increased maintenance costs resulting from 
corrosion. 



FIG. S 

EVAPORATIVE COOLER AND CLOTH FILTERING SYSTEM 
FOR A GRAY IRON CUPOLA 




Electrical precipitators 

Industrial air pollution control applications requiring high collection 
efficiencies through wide ranges of particle size and having extreme operating 
conditions such that heavy duty control equipment is necessary have best 
been served by electrical precipitation. 

Basically, electrical precipitation is acxomplished by passing the dis- 
persoid-laden carrier gas between two electrodes across which a unidirec- 
tional, high voltage potential is impressed. One electrode, the dischar^ 
electrode, has a mdius of curvature many times smaller than the second or 
collecting electrode. Owing to the differential in radius of curvature and to 
the high voltage potential impressed across the electrodes, a corona discharge 
is established in the region of the discharge el^trode and, as a result, 
a powerful ionizing field is formed. Potentials as high as 100 000 volts 
are used. As the dispersoids in the carrier gas pass through this field, they 
become charged and migrate, under the action of the powerful electrical 
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FIG. 6 

ELECTRICAL PRECIPITATOR 
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field existing between the electrodes, to the oppositely charged collecting 
electrode. The particles, once deposited on the collecting electrode, lose 
their charge and are removed mechanically by rapping, vibration, or washing 
to a hopper below. 

Electrical precipitation as anployed in air pollution control work is 
generally carried out in a single-stage precipitator in which gas ionization 
and particulate collection are combined into a single step (Fig. 6). There 
has been a very limited employment of a second type of precipitator, the 
two-stage unit, in which ionization is achieved in the first element of the 
equipment, followed by collection in the secoi^ element. Variations in 
design in each type differ essentially only in the details by which the follow- 
ing fundamental functions are accomplished: (a) gas ionization resulting 
from corona discharge; (b) charging of the particles; (c) migration of the 
particles toward the collecting electrode; (d) deposition of the particles 
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on to the collecting electrode; and (e) removal of the collected material 
from the equipment. 

There are t^vo basic designs of the single-stage precipitator, the plate- 
type precipitator and the pipe-type precipitator. In the plate-typc unit 
the collecting electrodes consist of parallel plates, either solid or of expanded 
me'^1, jclosely spaced rows of rods, chains, or wire, or specially formed 
shaocs. In the pipe-type precipitator the collecting electrodes are formed 
by a nest of parallel tubes which may be square, round, or octagonal. 
In each case the discharge electrodes are wires or small, twisted rods which 
are suspended midway between the parallel collecting electrodes of the 
plate-type unit or axially along the length of the collecting electrodes in 
the pipe-type precipitator. Gas flow in the case of plate precipitators may 
be either parallel or perpendicular to the discharge electrodes and, of course, 
parallel to the collating electrodes, but in the case of the pipe-type preci- 
pitator it must be parallel to the discharge electrodes. The corona discharge 
in both types of precipitator is maintained throughout the length of the 
precipitator, and it functions to provide ionization of the gar* and to prevent 
redispersion of the precipitated dust by recharging neutral re-entrained 
particles. The discharge electrodes are usually suspended vertically from 
an insulated support and are kept taut by a weight at the bottom or by being 
stretched across an insulated frame. 

Cleaning of the collecting electrodes for dry collection is accomplished 
by either periodic or continuous mechanical or electrical rapping to dislodge 
the collected material from the electrodes. In the film-cleaned precipitator, 
liquid is circulated over the collecting surfa(^ of the electrodes, and the 
material deposited is removed by washing. For liquid dispcrsoid collection 
the collected liquid is allowed to drain from the electrode surfaces under 
the action of gravity. It is common practice for the cleaning process to be 
carried out with the ^s flow continuing and with the electrodes remaining 
energized, but this results in a tendency for re-entrainment of the dust 
during the cleaning cycle, with a consequent loss to the atmosphere. Spe- 
cially formed collecting electrodes such as the hollow, pocket, or tulip types 
are used to reduce this tendency toward re-entrainment during rapping. 
Collecting electrodes in the plate-type unit generally are from 3 to 6 feet 
wide and from 10 to 18 feet high, and in the pipe-type precipitator from 
6 to 15 feet long. Discharge electrode to collecting electrode spacing in 
both types usually ranges from 3 to 8 inches. Generally, the pipe-type 
precipitator is us^ for the removal of liquid dispersoids and the plate-type 
is employed for the collection of solid dispersoids. 

In single-stage precipitators wherein particle charging and deposition 
take place simultaneously, the particles are not charged instantaneously; 
they assume a chaise dependent upon electrostatic potential gradient, the 
dielectric constant, and the particle diameter (Eteutsch, 1922, 1931a, b; 
Ladenburg, 193&; Mierdel, 1932). Velocity of migration of a particle 
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toward the collecting electrode is a function of the electrical force acting 
on the particle and the resistance to movement of that particle due to gas 
friction. Howcver, practical migration velocities arc in general greater than 
those calculated, because of the action of electric wind (Mierdel, 1932). 
On this basis the following equation for collection efficiency has been derived 
(Deutsch, 1922, 1931a, b): 

Ee = l^c"-^^ (6) 

where, Ee = weight collection efficiency, dimensionless 

Ke = electrical precipitation constant, seclcm or sec./ft 
pie = migration velocity, cm/sec. or ft/sec. 



The electrical precipitation constant is a function of the precipitator 
geometry and the gas velocity through the precipitator. Theorrtically this 
equation for coU^ion efficiency i* applicable only for a given sia particle, 
and over-all efficiency must, therefore, be obtained by an integration pro- 
cedure for a specific particle-size distribution. In practice, however, particle 
migration velocity is generally determined experimentally for a class of 
particulates employing a pilot-scale precipitator, and the avera^ experi- 
mental velocity thus determined is then applied in dea*^ calculations in the 
above equation. Further, from the equation it is seen that efficiency varies 
logarithmically with the precipitation constant and migration velocity; 
hence, size of a precipitator increases exponentially with increase in required 
efficiency. 

Although a complete discussion of electrical precipitation is beyond 
the scope of this paper, it should be noted that there are a number of impor- 
tant practical problems involved in the design and application of this 
equipment. Many of these problems result from an inability to predict 
the exact behaviour of the particulate matter. In most cases this material 
is heterogeneous in size, shape and physical properties. 

Electrical resistivity of the particulates has such a great effect on effi- 
ciency that a small change will cause an appreciable difference in the 
operating characteristics of the precipitator. High resistivity material, when 
deposited on the collecting electrode, will r^ult not only in a reduction of 
potential across the gas stream, but also in back ionization with a conse- 
quent re-entrainment of the dust— both of which reduce efficiency (Beaver, 
1946; Mierdel & Sceliger, 1936; Schmidt & Anderson, 1938). Research 
on this subject has indicated that the critical resistivity value for deposited 
dust layers is about 2 x 10^^ ohm centimetres (Beaver, 1946). 

Several apprc^ches have been used to r^lve this problem and all 
are based upon towering the effective resistivity of the deposited layer. 
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Humidification, chemical gas conditioning, and temperature control have 
all been successfully employed. Conditioning agents include NH3, NaCl, 
H2SO4, SO3 and soluUe sulfates. 

Theoretically, corona dischar^ is continuous throughout the precipi- 
tator; practically, corona discharge emanates from a series of localized but 
mobile points on the discharge electrodes. Rectified alternating current 
is normally employed as the source of electrical energy and hence electrical 
field strength is not constant but varies continuously. High particulate 
concentrations increase the potential to produce corona and result in a 
reduction of current. These factors tend to bring about a reduction of 
eificiency but are compensated for in the experimental determination of 
particle migration vdocities. 

Depending upon the si^, shape, and packing characteristics of the 
dispersoid, the design velocity through a precipitator may range from 
3 to 10 feet per second. For any given set of conditions, the effect of increas- 
ing the velocity results in a reduction of retention time and in increased 
physical re-entrainment of the deposited materiaL Generally, there is a 
critical gas velocity for any specific dispersoid beyond which precipitation 
collection efficiency drops off rapidly. The problem of gas flow di^ribution 
in electrical precipitation is being given increased attention on account of 
the relationship which has been shown to exist between precipitation-zone 
gas velocity and collection efficiency. The assumption that average gas 
velocity is representative of actual conditions may in many instances be 
entirely erroneous. Practically, if the gas velocity profile is decidedly 
irregular, the expect^ efficiency of the precipitator may not be attained. 
Several methods for equal flow distribution are at present employed. 
These include simple enlargement sections, taffies, directional vanes, and 
perforated plates. In some applications such devices have been used both 
upstream and downstream from the prrapitation zone. 

Electrical precipitators are the most efficient type of control equipment 
for dispersoids in common use today. Advantages possessea by this type 
of equipment are: (a) high collection efficiency for all ranges of particle 
size and for high grain loadings under severe operating conditions; 0) dry 
disposal of solid particulates if desired; (c) low maintenance and operating 
costs; (d) low {pressure drop; and (e) satisfactory handling of a large volume 
of high temperature gas. Disadvantages common to electrioil precipitation 
include: (a) high initial cost; {b) large size of the equipment; and (c) possible 
explosion hazards. 

For heavy duty operations, the disadvantage of high initial cost does 
not limit the application of precipitators, but for less demanding conditions, 
other high efficiency, less expensive, and less rugged equipment is normally 
employed. Collection efficiencies of 95 % and higher are obtained with 
electrical pr^ipitators in cases where particle sizes are as small as 0.01 {& 
and where operating conditions are extremely severe. 
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Scrubbers 

In its most general sense the category of liquid scrubbers would include 
the various types of gas absorption equipment. As applicable, however, 
in the field of air pollution control the term " scrubber usually is restricted 
to those devices which utilize a liquid to achieve or assist in the removal 
of solid or liquid dispersoids from the carrier gas stream. Generally, 
water is utilized as the scrubbing liquid, although in special cases other 
liquids have been employed- 

Scrubbers are constructed employing such a multiplicity of design that 
no single type is representative of the category as a whole. Some units 
consist simply of an existing dry-type coll«:tor modified by the introduction 
of a liquid phase to assist in particulate matter removal and to prevent 
rc-cntrainmcnt; other units are specifically designed to operate as wet 
collectors. In general, however, it may be said that dispersoids are collected 
in scrubbers by one or a combination of the following mechanisms: (a) im- 
pingement of the dispersoid on the liquid medium; (6) diffusion of the dis- 
persoid on to the liquid medium; (c) condensation of the liquid medium 
vapours on the dispersoid, thereby increasing its size and weight; and (d) 
partitioning of the gas into extremely small elements to allow collection 
of the dispersoid by Brownian diffusion and gravitational settling on the 
gas-liquid interface. 

The objective of dispersoid-liquid contact sections in the several types 
of scrubber is to present a large liquid surface area for the contact of the 
dispersoid in the carrier gas stream with the liquid phase. Both the mechan- 
isms of impingement and of diffusion are favoured by high specific surface 
areas. Target efficiency for particles in the size range where Stokes' law 
applies is a function of the dimensionlcss group shown in the section on 
inertial separators. A general equation for impingement collection effi- 
ciency may be written (Johnstone & Roberts, 1949; Kleinschmidt, 1939): 

^ j_^-(3E.xy/2D0 

weight collection efficiency, dimensionlcss 
target efficiency, dimensionless 

distance normal to gas flow through which collecting drop 
travels, cm or ft 

ratio of volumetric liquid rate to volumetric gas rate, 
dimensionless 

diameter of collecting drop, cm or ft 



where, E, = 

X = 



y ^ 

D, = 



Impin^ent-typc scrubbers, therefore, should operate more efficiently 
as the liquid droplet size is decreased. In consideration of the mechanism 
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of impingement alone, however, it can be reasoned that because impingement 
efficiency depends upon relative velocity between dispersoid and liquid 
droplet, a minimum droplet size for optimum collection must exist. This 
is rue because of the rapid acceleration to gas velocity undergone by very 
small droplets. It can be shown that impingement efficiencies fall off 
when collecting d .>plets smaller than 30-SO [x are employed. 

In the extremely small dispersoid size range, the mechanism of diffusion 
becomes important in the collection of the dispersoids. Deposition on 
liquid droplets in the carrier gas stream will be effected by Brownian and 
eddy diffusion of the dispersoid. It is believed that the diffusion mechanism 
is predominant in the collection of submicron ^' Mcles and may be sizable 
for dispersoids up to 5 in diameter. As in all diffusional processes the 
rate of diffusion is favoured by large areas for diffusion, thereby making 
small liquid droplets with high surface-to-volume ratios a necessity for high 
collection efficiencies. In most practical applications the dispersoid to be 
removed is hetero^neous and both impingement and diffusion mechanisms 
operate. 

The mechanism of condensation occurs when cooling, resulting from 
the liquid spray, causes the dispersoid-laden carrier gas to pass through 
its dew point. Condensatic will then take place with the submicron 
particles acting as condensation nuclei, thus increasing the effective size 
of the dispersoid. This mechanism is effective when initially hot gases 
containing relatively small dispersoid concentrations are conditioned. 

Gas partitioning is achieved by dispersing the gas in very small incre- 
ments through a liquid so that the distance between the suspended particles 
and the surrounding liquid-gas interface is extremely small. Separation of 
the dispersoid is then achieved by deposition on the liquid-gas interface by 
means of Brownian diffusion or gravitational settling. Effectiveness of this 
mechanism of separation increases, with decreasing size of the gas increments. 

The addition of surface-active agents to the liquid phase of scrubbers 
to enhance wetting characteristics is believed only to prevent re-entrainment 
of the deposited dust particles and not to enhance materially the actual 
process of dust deposition. Sufficient data on this, however, are not avail- 
able and further study will be .equir^d before definite conclusions as to the 
effectiveness of this approach can be determined. 

Various designs have been employed as scrubbers. A general list 
of the basic types would include spray towers, jet scrubbers, venturi scrub- 
bers, cyclonic scrubbers, inertial scrubbers, mechanical scrubbers, and 
packed scrubbers. 

The spray tower is a common type in which the dispersoid-laden carrier 
gas passes through banks of sprays, directed either parallel or normal to 
the gas stream to achieve liquid contact with the dispersoid. These sprays 
are followed by a set of staggered eliminator plates to remove the entrained 
water-dispersoid droplets. Water consumption varies from.U to 2 
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gallons » of water per 1000 cubic feet of gas and pressure drops vary be- 
tween 0.1 anc 0.5 inch of water 

A modification of the spray tower is the water jet scrubber in which 
a high velocity jet of water is directed axially into the throat of a venturi 
section, effecting intimate liquid contact with the dispersoid-Iaden gas. 
This type of unit is normally followed by a simple gas reversal chamber 
to remove the entrained water-dispersoid droplets. Water consumption 
normally varies from 50 .o 100 gallons per 1000 cubic feet of gas and the 
jet is capable of developing pressure gains up to ^ inches of water. 

A recent developnfcnt employing the ventun principle is the venturi 
scrubber in which the dispersoid-laden gas stream is directed through the 
venturi with a throat velocity of from 200 to 300 feet per second. Water 
sprays are introduced just preceding the venturi throat. The water and 
water-dispersoid droplets are then removed from the gas stream in a cyclonic 
spray separator. Water consumption varies from 3 to 10 gallons per 
1000 cubic feet of a gas with a pressure drop across the entire unit of 
10-15 inches of water. 

A modification of a type of dry collector by the addition of a liquid 
phase is the cyclonic scrubber. In this unit a series of radial sprays are 
introduced into a typical cyclone. These sprays assist in the collection 
of the dispersoid and tend to prevent re-entrainment. Pressure drops 
usually vary from 2 to 8 inches of water with water consumptions varying 
from 3 to 10 gallons per 1000 cubic feet of gas. 

Scrubbers in which liquid contact of the dispersoid is obtained as a 
result of the gas velocity itself are classified as inertial-type scrubbers. 
Two fundamental types fall within this classification. First, there is the 
impaction-type scrubber in which the liquid phase and the dispersoid-laden 
gases are intimately mixed and are then impacted on a plate to promote 
additional dispersoid-liquid contact. Impaction velocities may range from 
30 to 150 feet per second, with pressure drops up to 30 inches of water. 
Secondly, there is the deflection-type scrubber, which utilizes deflector 
plates to effect liquid-dispersoid contact at^ to assist in the dispersion of 
the spray droplets. Water consumption ranges from 6 to 10 gallons per 
1000 cubic feet ot gas, and pressure drops may be as high as 6 inches. 

In mechanical scrubbers (Fig. 7) liquid-dispersoid contact is achieved 
by the simultaneous introduction of the liquid medium and the gas stream 
on to rotating disks, blades, or perforated plates. In some cases stationary 
members are alternated with the rotating elements. Generally, high collec- 
tion efficiencies for small particle sizes require high power consumption. 

The final classification is the packed scrubber (Fig. 8). This unit is 
simply a conventional packed tower employing Raschig rings. Bed saddles, 
fibreglass, or other packing. Normally, gas flow is counter-current to liquid 
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fIG. 7 

MECHANICAL SCRUBBER 




flow in this type of equipment. The separating mechanism is believed to 
be primarily impingement of the dispersoid on the packing itself with the 
liquid medium merely acting to clean continually the surfaces of the packing 
material. Excessive superficial tower velocities tend to result in channelling 
through the packing material with a consequent reduction in efficiency. 
Pressure drops are of the order of Yr-\0 inches of water 

Regardless of the ^rubbing mechanism involved, power consumption 
is the critical factor determining collection efficiency. Energy input is 
consumed either by high-pressure atomization of the liquid medium, high 
velocity jetting of the liquid medium, high velocity of the dispersoid-laden 
carrier gases, or by mechanical impaction. Energy consumption in all 
cases will be approximately equal in attaining the same collection efficiencies. 
Simpler types of scrubber with lower energy inputs are effective in collect- 
gin particles above 5*10 ^ in diameter, while the more efficient, high 
energy input scrubbers will perform efficiently for collection of particles 
as small as 1-2 \i in diameter. 

Since the types of scrubber available are so very diversified, the advan- 
tages and limitations of this classification of control equipment are difficult 
to generalize. It may be suid, however, that this type of equipment has 
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FIG. 8 
PACKED SCRUBBER 




the following advantages: (a) moderately high collection efficiencies below 
10 ix; ib) moderate initial cost; and (c) applicability for high temperature 
installations. Scrubbers are limited in their application, however, in that 
they require; {a) wet disposal of the collected material; (b) variable power 
consumption, but high power consumption for higher efficiency; and 
(c) moderate to high maintenance costs, owing to corrosion and abrasion. 

Control of gaseous (MHttamimiits 

Control equipment for gaseous conUminants and odours must be con- 
sidered apart from that for aerosols since the techniques employed differ 
basically. The control of noxious gases and odours is far from standard- 
ized mainly because of the widely varying chemical and physical ptoperties 
and concentrations encountered. In addition, the imporUncc attached to 
this type of contaminant is the result of a relatively recent trend in the air 
pollution field. Control equipment which has been used for gases 
and vapours includes combustion, absorption, and adsorption units. 

Combustion is feasible where the pollutant gas or odorous componenU 
are oxidizable. Normally organic contaminants may be destroyed by 
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exposure to temperatures in excess of 1200'' F (650' C). Under certain 
conditions the use of catalysts may lower the required temperatures. The 
major limitation of this technique is that it may become too expensive when 
fuel values of the gaseous discharge are low, when moisture content of the 
discharge is high, or when exhaust volume is extremely large. Combustion- 
type control equipment has been used advantageously, however, in the 
petro-chemical, coffee roasting, paint and varnish, rendering, and fertilizer 
industries. Fundamentally these combustion units must provide: (a) 
sufficient combustion air for the oxidation reaction ; {b) adequate temperature 
for continuous oxidation of the gaseous contaminant; and (c) adequate 
retention time in the high temperature combustion zone for completion 
of the oxidation reaction. Generally the incineration equipment consists 
of a single combustion chamber with provisions for maintaining continuous 
and intimate mixing of the contaminant-laden ^s and the flame from the 
auxiliary burner (Fig. 9). The combustion chamber is so proportioned 
that the gas velocity and gas flow patterns established will produce adequate 
retention time in the combustion zone. Average retention time in such 
units is 0.2-0.3 seconds at temperatures of 1200* F and higher. 

FIG. 9 

WASTE GAS AND ODOUR INCINERATOR 




SECTION A 



Absorption involves the transfer of gas molecules into a liquid phase. 
It is a difl*usional process and, as such, the driving force consists of concen- 
tration differentials between the bulk gas phase and the gas-liquid interface 
and between the interface and the bulk liquid. The various resistances to 
mass transfer should be as low as possible, and the absorption process is 
therefore favoured by high interfacial surface areas, turbulence in both 
fluid phases, and high diffusion coefficients. An absorbent is normally 
selected which has a high capacity to absorb without build-up of appreciable 
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back pressures. To achieve this, the gas to be absorbed should have a high 
solubility in the chosen absorbent, or it should react irreversibly with the 
absorbing liquid. 

Normally in industrial absorption operations the concentration of the 
solute gas in the carrier gas is relatively high. This may not be true where 
the control of air pollution is the objective. Very large gas volumes con- 
taining only low concentrations of pollutants are often handled and the 
equipment required may be quite large in relation to that employed in 
chemical processing. In addition, the carrier gas may contain particulate 
matter requiring that the gas absorption equipment also function as a 
wet dust collector. 

In general, absorption equipment may be classified as spray chambers, 
mechanical contactors, bubble cap or sieve plate contactors, or packed 
towers. A spray chamber, as the name implies, is simply an empty chamber 
in which the gas stream is passed through curtains of liquid spray. Mechan- 
ical contactors employ mechanical agitation to accomplish intimate contact 
of gas and liquid. In a bubble cap or sieve plate contactor, the gas is passed 
upward through a series of plates on which pools of absorbent exist; bubble 
cap trays are used in the former and porous or perforated plates in the 
latter to support the liquid layers. Packed towers allow the liquid absorbent 
to flow by gravity downward through a bed of packing material while 
the gas stream moves either concurrently or counter-currently through 
the tower. In each of the above units, intimate gas-liquid contact is pro- 
moted over large interfacial areas. 

The above types of contactors have certain relative advantages and 
disadvantages. Spray chambers have low pressure drops and will not 
plug; they also will function as simple spray-type dust collectors. In addi- 
tion, these chambers have been found to be fairly effective in the removal 
of even rather insoluble gases and may, therefore, compare favourably 
with other types of equipment in certain applications (Pigford & Pyle, 1951 ; 
Sherwood & Pigford, 1952). Mechanical contactors are, of course, 
mo^ complex in construction and higher in cost. They are quite useful* 
however, when the gas to be absorbed is relatively insoluble and 
liquid diffusion resistance is controlling. Packed towers may plug with 
solids, and cleaning is not easy. Consequently, grid packings rather 
than dumped packings are often used to overcome plugging tendencies 
and to lessen pressure drop. Plate towers will normally operate at higher 
pressure drops than packed towers but they may be much more easily 
cleaned and may be more effectively used as combination absorber dust 
collectors. 

Adsorption is another diffusional process which is growing in importance 
as a separation mechanism. Adsorption is a surface phenomenon and 
requires the presence of large solid surface areas to be effective. In almost 
all cases these areas are internal as with porous material and may be 
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almost unbelievably great per unit of adsorber volume. Adsorption may 
be primarily physical in nature or may include chemical surface reaction 
as in chemisorption. 

Although adsorption has been used very successfully in certain industries 
for many years, the theory and techniques involved are not nearly so well 
known as those for distillation, filtration, extraction, etc. This is parti- 
cularly true when adsorption is applied in a new field such as air pollution 
control. While considerable experimental work has been done to enable 
prediction of flow patterns, pressure drops, material balances, and transport 
and adsorption rates, there is not complete agreement on the various design 
procedures proposed. In actual practice the adsorptive capacity, height 
of bed, and stripping conditions for a given adsorption problem, in mobt 
cases, are obtained experimentally as a basis for design of full-scale 
equipment. 

It appears that adsorption as a means of air pollution control may 
offer certain advantages for some classes of contaminant. These classi- 
fications include gases or vapours for which other means of collection are 
uneconomical, hazardous, or impossible. For example, many flammable 
organic compounds may be recovered with relatively high efficiency by 
adsorption at concentrations safely below the lower explosive limits of 
the compound. Also, since adsorption may give very complete clean-up 
even when pollutant concentrations are very low, unusually toxic or odorous 
compounds may sometimes be removed by adsorption on activated carbon, 
etc. when all other practical methods fail. 

Adsorption equipment is almost always the packed bed although 
fluidized beds can also be used. Power consumption is dependent on the 
height of the adsorbing bed, the adsorber pellet size, and the flow rate, 
^Aid pressure drops may vary from a few inches of water upwards. 

The generation of heat of adsorption in a bed may make necessary 
pre-cooling of the effluent gas in some cases. It must be noted that nor* 
mally both adsorptive capacities and collection efficiencies fall off with 
higher temperatures. Installation costs for adsorbers are high but mainte- 
nance and operating costs arc not excessive. Small-sized units will operate 
as efficiently as larger ones and many times the value of the recovered 
material will enhance economic feasibility. 

The Ai^licatfaHi of Process Cliiu«es for the Prevention of Air Pollntion 

In controlling air pollution by process changes, the method to be em- 
ployed is completely dependent upon the particular process involved; hence, 
no fixed set of rules can be universally applied. Selection of the control 
method must be based on: (a) determination of the types of contaminant 
creating an air pollution problem; {b) complete evaluation of the plant 
process to ascertain the units or operational areas discharging the oflend* 
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ing contaminants; and (r) determination of specific adequate control 
techniques for those contaminants. 

Four basic approaches to the control of contaminants through process 
modification are available: (a) substitution of raw materials or fuels; 
(b) modification of the process itself; (c) modification or replacement of 
process equipment; or (d) changes in operational practices. 

The substitution of raw materials or fuel has often been used success- 
fully as a method of atmospheric pollution control when the contaminant 
being eliminated from the fuel or raw material is not essential to the process. 
For example, bauxite flux may be substituted for fluorspar in open hearth 
practice and powdered sulfur has been replaced as a flux in the manufacture 
of magnesium castings. Both changes result in decreased emission of air 
pollutants. Also, the use of low-volatile coals in place of high-volatile coals 
has proved most effective in eliminating smoke and soot in many commercial 
and industrial heating applications, and the substitution of low-sulfur 
fuels for high-sulfur fuels has reduced the SOj discharges quite appreciably. 

In modifying a given process to effect a reduction in atmospheric pollu- 
tion, a unit operation may be eliminated or modified, or other unit opera- 
tions may be substituted or added. Elimination of atmospheric pollution 
caused by the manufacture of intermediate raw materials can be achieved 
by acquiring such components through purchase from an outside supplier; 
thus, the manufacturing process creating air pollution can be discontinued. 

The addition of an operational step to reduce atmospheric pollution 
has been successful in brass foundry practice in which indirect fired furnaces 
are employed. A fluxing material is applied to the surface of the molten 
brass serving as an evaporation barrier and reducing the emission of brass 
fumes; this additional step is included strictly as an air pollution control 
measure. Also, the control of pollution by substituting one complete opera- 
tion for another is illustrated in the disposal of combustible refuse where 
incineration may be discontinued in favour of sanitary land fill. 

Changes in equipment as a method of reducing the release of contami- 
nants to the atmosphere may include: (a) the modification of one or more 
items of basic process equipment; (b) the substitution of one type of equip- 
ment for another type; or (c) the replacement or repair of faulty or mal- 
functioning equipment. An illustration of this is the use of vapour recovery 
systems to control vapour losses in the handling of volatile materials 
(Fig. 10). Headers, compressors, absorbers, and condensers may be 
employed to return eflluxing vapours to the system* The installation of 
sealed storage tanks— e.g., floating roof tanks— is another example (Fig. 1 1). 
In the cast iron foundry industry the substitution of reverbcratory furnaces 
for cupolas has proved successful in reducing the contaminant discharge 
from this type of operation. 

^Changes of operational procedures for the sole purpose of reducing 
pollution discharge is well illustrated by the technique practised in power 
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FIG. 10 

VAPOUR RECOVERY SYSTEM 
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plant operation by the Tennessee Valley Authority. Here the rate of 
release of sulfurous emissions from coal burning operations is reduced 
during periods of adverse meteorological conditions by firing a low-sulfur 
fuel in place of the normal high-sulfur fuel. It is also common to reduce 
atmospheric contamination from boiler operation by employing recom- 
mended procedures for starting and cleaning fires and by using accepted 
stoking techniques, etc. 

An important example of air pollution control by process changes 
lies in combustible waste disposal. This process will therefore be discussed 
in detail to illustrate the type of research which can be conducted for deter- 
mining proper design and operational changes to reduce the emission 
of air pollutants. 

FIG. 11 
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Incineration of combustible wastes 

A significant factor affecting the concc itration of pollutants within the 
air mass of any specific area is the contaminant discharge produced from 
the disposal of combustible wastes by incineration. Other methods of 
disposal of such wastes include open dumping, sanitary land fill, and com- 
posting, none of which, when properly operated, creates any appreciable 
air pollution problem. However, the selection of a particular method of 
waste disposal must be based on such factors as the combustible content 
of the refuse, economic considerations relating to the various methods 
of disposal, and upon the sanitary and aesthetic requirements of the area. 

Disposal of combustible wastes by incineration has the distinct advan* 
tage over other methods in that it redu<^s the volume of refuse by as much 
as 95 %, leaving a residue with little or no organic material. Such residues, 
therefore, require a minimum land usage for disposal and the disposal 
area is not subject to excessive settling after compaction. 

Incineration is defined as any combustion process employed for the 
disposal of combustible wastes such as refuse, rubbish, garbage, animal 
remains, and solid, semi-solid, liquid, and ^seous waste products. To be 
effective from the air pollution standpoint, incineration must achieve: 
(a) maximum combustion efficiency in order to reduce atmospheric dis- 
charge of smoke, tars, malodorous compounds and other products of 
incomplete combustion, and (b) maximum retention of the incombustible 
solids in order to minimize i!y ash and other solid discharges to the atmos- 
phere. 

Although engineering parameters are available for the design of indus- 
trial process furnaces burning fuels of uniform composition at specified 
rates, such data are not available for the design of incinerators. This results 
from the fact that incinerators are frequently batch fired and are required 
to perform satisfactorily over wide ranges of operating conditions while 
burning high-volatile fuels. Further, incinerators are normally charged 
at varying rates with heterogeneous materials of varying composition, 
and with corresponding variations in combustion air flow rate and air 
distribution. This results in widely fluctuating combustipn chamber 
temperatures. Unless the incinerator is able to accommodate these wide 
ranges in operating characteristics, excessive atmospheric contaminants 
will be discharged. 

Incinerators may be classified broadly as to the number of combustion 
stages employed in the process— i.e. single stage or multiple stage. Single- 
chamber incineration equipment is so constructed that drying of the fuel, 
gasification and cc;mbustion of the volatile components of the fuel, and 
ignition and combustion of the fixed carbon proceed in a single stage. 
Combustion air is supplied both underfire and overfire, and mixing of the 
overfire air with the volatilized gases, necessary for good combustion, is 
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comparatively poor owing to the configuration of the chamber and, of 
more import, to lack of facilities to expedite proper mixing. 

Additional research to improve combustion efficiency in single-chamber 
incinerators is at present under way and preliminary results indicate that 
considerable improvement in this type of incineration equipment may be 
achieved (R. C Corey, of the US Bureau of Mines, personal communication, 
June 1957). Tangential air jets are employed to improve mixing of the 
volatile unburned constituents of the fuel with combustion air. Burning 
rate and amount of excess combustion air have been indicated to be func- 
tions of both mass flow rate of air and Reynolds number of flow through 
the ports. Optimum conditions in a prototype experimental unit were 
obtained employing an average excess air of approximately 40%. The 
height of the port above the fuel bed has also been shown to affect combus- 
tion efficiency and burning rate. Although these effects were not marked, 
in general combustion efficiency was greatest with higher ports and burning 
rate highest with low ports close to the fuel bed surface. 

Proper designs for multiple-chamber incineration processes require 
that the equipment be so constructed as to promote a two-stage combustion 
mechanism (Fig. 12). Drying of the fuel, ignition and combustion of the 



FIG. 12 

LARGE MULTIPLE-CHAMBER INCINERATOR 




fixed carbon, and gasification and partial combustion of the volatile 
components fH-oceed in the ignition chamber or primary stage. The 
gas-phase combustion reaction is completed in the second stage, 
which consists of both a mixing chamber and a combustion chamber. 
^Secondary air is admitted at the entrance to the mixing chamber to assist 
the completion of the gas-phase combustion reaction. 
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Three fundamental design concepts for multiple chamber incineration 
processes affect the combustion efficiency. Tliesc concepts arc : (a) ratio 
of grate loading to combustion rate; (b) combustion air distribution; and 
(c) ignition chamber proportions- 
Present data indicate that burning rates of from 40 to 50 pounds per 
square foot * of grate area per hour arc optimum. It should be noted 
that these rates are applicable only for the large municipal-type incinera- 
tion equipment, above 50 tons* per day capacity. For smaller capacity 
incinerators grate loading expressed in pounds per square foot of grate 
area per hour decreases as a logarithmic function of combustion rate 
expressed in pounds-pcr-unit time (Rose & Crabaugh, 1955): 

Gl = 16.5 + 9 log Cr (special units) (8) 

where, Gl ^ optimum grate loading, (lb) / (sq.ft) (hr) 
Cr = combustion rate, Ib/min 
The second concept fundamental to incinerator design when considered 
from the air pollution standpoint relates to combustion air distribution. 
Of significance in this respect is the ratio (rf underfire air (combustion air 
disttlbuted through the grate) to overfirc air. Present data indicate that 
optimum results are obtained when 65 %-75 % of the actual combustion 
air requirements for the incineration process, based on 100% excess air, 
are supplied overfire. The ratio must, however, be based upon stoichio- 
metric air requirements for the particular chemical composition of the 
fuel concerned. 

The third concept concerns ignition chamber proportions. In the past 
these have been considered to be related to ignition chamber volume. 
It has been found that a refinement of this concept exists in the relationship 
of arch height to grate area. While this relationship does establish the 
ignition chamber volume, it has been indicated to be more definitive in 
establishing combustion rate and contaminant discharge than direct volu- 
metric relationships. An empirical formula for this relationship has been 
developed (Rose & Crabaugh, 1955) : 

Ah - ^ (G,)^^ (special units) (9) 

where. Ah ^ a^h height, ft 
G^ = grate area, sq.ft 

Relatively little data are available on solid and gaseous discharge from 
incineration processes. AvailaMe data (Chass & Rose, 1953) indicate 
tnat commercial or industrial single-chamber incinerators with no adequate 
provisions for controlling combustion air, discharge an average of 20 



« 1 tb/rm.ft - 4.882 kg/m«. 
• I short ton = 0.9 metric ton. 
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pounds^ of solid contaminants to the atmosphere per ton of material 
burned. Further, an average of 24 pounds of solids are discharged to the 
atmosphere for each ton of material consumed in a " backyard " type of 
incinerator and 19 pounds for every ton burned in a chute fed " apartment 
house type of incinerator. Municipal incinerators of the multiple-ohamber 
type employing secondary air and with provisions for combustion air 
control produce an average of 8.8 pounds of sclids per ton of material 
burned, with a range of 3.4-17.8 pounds per ton. Unpublished data on 
industrial and commercial multiple-chamber incinerators, with capacities 
up to 4000 pounds per hour, iiuiicate an average loss of solid contaminants 
to the atmosphere of 6.8 pounds per ton of material burned, with a range 
of 3.0-14.7 pounds per ton. 
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FUEL SELECTION AND UTILIZATION 



Pritntry Energy Sources 

The main natural sources upon which man depends for the energy 
which he requires for industrial production are coal and oil The contri- 
bution from others, such as hydro-electricity, is in total small, although 
locally it may be of very great significance. With increasing industriali- 
zation, as well as with the mechanization of transport and agriculture, the 
demands for energy are on the verge of outstripping the capacity lo supply 
them, conveniently and economically, from conventional resources. 

It wns where coal v«is readily and cheaply available, and other circum- 
stances were favourable, hst great centres of industry were first developed 
The rapid growth of the petroleum industry during the last half-cem: r ' 
is developing a challenge to coal as the pre-eminent fuel for industry. 
Not only has this led to the establishment of new industries close to the 
oilfields, in the same way as electro-metallurgical industry is located, if 
possible, where hydro-electricity is cheaply produced, l because oil 
is readily transported, it has become a competitor to cof* in the older 
industrial centres. 

The trend can be illustrated by statistics for a few of the leading indus- 
trial countries (Organisation for European Economic Co-operation, 1956; 
United States, President's Materials Policy Commission, 1952). However, 
the figures available are for the total energy consumption of each country, 
not of its industry alone, and it should be borne in mind that the major 
u?e of petroleum products is still for transport. In the USA, which possesses 
great resources of both oil and coal, over 90% of the energy requirements 
in 1900 were derived from coal; by 1950 the proportion had been reduced 
to under one-half. Western Europe is comparatively poor in indigenous 
petroleum, but still a similar tren4 can be detected. At present, the United 

* Charrtngton Gardner Locket (Loodrn) Ltd, Technical Manager. Manchester Branch. 
Manchester, England; formerly Engineer. National Industrial Fuel Efficiency Service. London* 

^"^♦?Managing Director. National Industrial Fuel Efficiency Se'^ice, London. England. 
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Kingdom derives over 85 % of its energy from coaL hut this will be reduced, 
it is expected, to 75 % by 1965. Western Germany's, total energy consump- 
tion is the second highest in Europe, and is still derived predominantly 
from coal ; petroleum products amount to only 9 % of the total consumption 
at present. France, on the other hand, which must supplement its pro- 
duction of both coal and oil by imports, now derives 22 % of its energy 
from petroleum, 10 % from hydro-power, and the remaining 68 % from coal. 
Italy, poor in coal resources, has based much of its rising industrial produc- 
tion on petroleum, which now accounts for 42% of its consumption, as 
compared with 30 % from hydro-power, and the remaining 28 % from coal. 

The increasing use of oil as an industrial fuel has considerable bearing 
on atmospheric pollution. Smoke, grit and sulfur dioxide are the major 
sources of pollution from the combustion of fuel. While the combustion 
of both coal and oil can be controlled so as to prevent the emission of smoke, 
that control is generally easier with oil than with coal. If a further genera- 
lization be permitted, the danger of emitting smoke is greater from a small 
installation burning small quantities of coal than from a large one. With 
oil-burning the size effect is tess marked and it is therefore of importance 
that oil can more readily compete with coal as a fuel for small installations 
than for large ones. Grit emission is a problem peculiar to the use of solid 
fuel, but one for which technical solutions are available, as will be seen 
later. Sulfur dioxide, however, is encountered in the combustion gases 
from both fuels, and in greater amounts when oil is the fuel; the elimination 
of sulfur dioxide from flue gases is a costly operation, rarely practised. 

To summarize then, the use of oil to supplement coal as a source of 
industrial energy reduces pollution from smoke and grit but increases 
somewhat the output of sulfur dioxide. 

Secondary Energy Sources 

Atmospheric pollution is also affected by the tendency for industry to 
supplement the energy it derives, within its own premises, from coal and 
oil by purchasing electricity and gas, which have been generated from the 
primary fuels at central stations and distributed by public utilities. While 
there is a substantial use of electricity for lighting, heating and for electro- 
metallurgical purposes, the main reason why industry requires electricity 
is to provide motive power. The decision whether the power requirements 
of a factory should be met from its own installation or by purchase from 
the public utility is an intricate one, depending upon the size of the factory 
and the nature of the manufacturing processes undertaken, inter alia. 
In total, however, the amounts of electricity purchased far exceed, in most 
countries, those generated by industry on its own premises. 

Manufactured gas is purchased for heating furnaces and other special 
processes, in which accurate control of temperature or cleanliness is of 
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major importance, as well as for space-heating. While, strictly, natural 
gas should be classified as a primary energy source, it is conveniently 
included among the fuels distributed by supply companies, especially as 
the considerations which lead to its choice in the fortunate countries where 
it is available are those that dictate the purchase of manufactured gas 
elsewhere. 

At their point of consumption, of course, gas and electricity do not 
pollute the atmosphere. At the central power station, pollution may 
arise, since the generation of electricity depends on the combustion of coal 
or oil. But since the units are large ones and subject to strict technical 
control, the incidence of pollution is, in fact, minimized. The process 
of gas manufacture need emit neither smoke, grit not sulfur into the atmos- 
phere, although it is attended by special problems in dealing with liquid 
effluents. Of course, wherever large tonnages of solid fuel are handled, 
either at gas-works or power stations, there is a danger of dust dispersal, 
but again the large scale of operation permits use of the most effective 
means of preventing a nuisance arising. 

In the manufacture of gas from coal, a solid residue, coke, is left. It 
may be either gasified separately, in the so-called water-gas process, or 
sold for domestic and industrial purposes. As its combustion takes place 
smokelessly, and can be carried out efficiently in small units, the avail- 
ability of coke is of great importance in the avoidance of atmospheric 
pollution. 

In the closely related coke-oven industry, the manufacture of coke, 
suitable for the reduction of iron-ore in blast furnaces, is the major objec- 
tive. Gas in this case was formerly regarded as a by-product, but to an 
increasing extent it is now delivered into the distribution networks of the 
public utilities. 

Coal, oil, electricity, gas and coke arc, then, the major sources from 
which industry derives the energy and heat it requires. The list is not 
exhaustive, and indeed reference is made to some of the other secondary 
sources later in this paper. Potentially, the extent of atmospheric pollution 
from industrial sources is growing, not only because industrialization is 
spreading rapidly but because, within industry, machine-power is replacing 
man-power. Offsetting to some extent this potential growth is the changing 
pattern ^^f fue l utilization, to which reference has already been made: 
first, the rising proportion of oil used to supplement or replace coal as 
a primary fuel; secondly, the trend within industry to purchase gas and 
electricity in increasing quantities. 

Industrial Processes 

From this general view of fuel utilization in i x relation to atmospheric 
pollution, it is now necessary to turn to the particular, to the purposes 
for which fuel is used in the individual factory, and the measures adopted 
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there to reduce pollution. However, these purposes are so multifarious 
that jt is quite impracticable to consider them all^ in their relation to atmos- 
pheric pollution, within a single chapter. 

Drastic simplification is necessary and so the following procedure has 
been adopted. The largest single industrial use of fuel is in combustion 
under boilers, to provide for space-heating, process steam and sometimes 
for power generation. The consideration, in the following pages, of ways 
in which to reduce the emission of smoke, grit and sulfur dioxide respec- 
tively is primarily in terms of this major use. Many of the principlei. and 
some of the equipment describe are applicable to other uses of fuel — e.g., 
in furnaces, cement manufacture, foundries and the ceramic industries— 
but special problems also arise there. These are briefly noted in a later 
section. 

For a comprehensive treatment, the reader is referred to the Proceedings 
of the conference on the mechanical engineer's contribution to clean air. 



TABL£ 1 

SUMMARY OF FUEL BURNT IN 1955 IN THE UNITED KINGDOM 



Ciats of consumer 


Fuel burnt 
(mdhons of lone tons) ' 


1 Pollucancs diKHarc«d 
(miHions of lone (ofls)" 


Solid 


Liqutd 


Cok«4v«n 
unpunfitd 


Smoke 


and dust b 


SO2 


Coal: 














Domestlc 


38 






0.9 


0.1 


0.9 


Electricity works 


43 






small 


0.3 


1.2 


Railways 


13 






0.3 


0.1 


0.4 


Industrial and 














miscellaneous <^ 


67 




1.0 


0.8 


0.3 


1.8 


Coke ovtns ^ 






1.6 


small 


small 


0.1 


Gas-wofks 


6^ 






small 


small 


0.2 


Coke: 














(Excluding consumption 














in gas-works and blast 














furnaces) 


15 






nil 


smalt 


0.4 


Liquid fuels : 














Diesel and gas oil 




3.8 




small 


nil 


0.1 


Fuel oil 




5.4 




small 


nil 


0.3 


Creosote^pitch 














mixture 




0.8 






nil 


smalt 


Toul 


182 


10.0 


2.6 


2.0 


0.8 


5.4 



a lions ton =3 1.01i metric tons. 

b Thit column docs not include frit and dust emissions, estimated at about 0.5 millions cons, from mduicrial 
^rocesset octMr than steam raisinf. 

c Includes seneral industry, collieries, patent fuel works, non*industr,al csublisHmencs. waterworks and the 
Service Departments. 

d AlthouKh« on average, the tmoke and gric discharged from gas-works and coke ovens is small, the pollution 
from ceruin types of plants and particularly from older coke-oven plants, an have a serious local concen- 
tration. 

«Coke. 
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sponsored by the Institution of Mechanical Engineers and held in London 
from 19 to 21 February 1957. The following sections of this chapter, indeed, 
consist largely of a summary of contributions to that conference. 

At this stage, it may be useful to have some measure of the extent of 
pollution which is caused by fuel-burning for different purposes. lable 1 
summarizes the quantities of fuel consumed in the United Kingdom in 1955, 
and provides an estimate, which can of course be only a rough one, of the 
amounts of polluta nts discharged. In one respect, the picture presented 
is radically different from conditions in other countries. The major emission 
of smoke is attributed to the domestic consumer, owing to the adherence 
of the British householder to the open coal fire. Pollution from the rail- 
ways is another major source, but this will be steadily reduced during the 
next decade, as steam locomotives are replaced by Diesel and electric trac- 
tion. With these exceptions, the incidence of pollution displayed in the 
table may be regarded as reasonably representative of what is to be encoun- 
tered in a highly industrialized and densely populated community. 



PrevenHon of Smoke Emi^ioii 

Any fuel can be burnt without the emission of smoke, provided it has 
been chosen to suit the design of the appli. :^ce in which combustion takes 
place. There is considerable latitude in this matching of fuel and appliance, 
and generally the reason why smoke emission occurs is that the equip- 
ment has been badly maintained, or it is not being operated properly. The 
main principles that must be observed in the combustion of each fuel are 
outlined in the following paragraphs. 

Oil 

Oil in bulk is noTT fl y in fl amm able, and to bum it efficiently, it must 
be split up by pressure into small droplets in the combustion air. This 
process, called atomization, together with the effective mixing of the oil 
droplets with air, is controlled hy the design of the oil-bumer, a highly 
specialized branch of engineering. The degree of atomization is also greatly 
affected by the viscosity of the oil, and hence when the more viscous 
petroleum fractions are to burnt, the fuel is preheated before delivery 
to the burner. 

Generally, the flame is lit by an electrical ignition system. Thereafter 
radiation from the walls of the enclosure or from the burning oil is sufficient 
to ignite the fresh droplets as they emerge from the nozzle of the burner. 
The danger of smoke emission is greatest when starting up, or when the 
flame impinges on a cold surface. Refractory surfaces are therefore often 
incorporated in the combustion space to provide adequate radiation. 
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Finally, in order to prevent smoke emission, it is of course essential that 
the ratio of air to fuel should be controlled to provide a slight excess of 
air over that theoretically required for complete combustion. Provided 
these conditions are met and, as has already been emphasized, the standards 
of maintenance and operation have not been relaxed, oil is not a difficult 
fuel to burn smokelessly under steady load. Difficulty is more likely to 
be encountered in small installations which are lightly loaded —for example, 
in central-heating plants. Oil is well suited to these applications, because 
of the ease with which its combustion can be started and stopped. If there 
are long intervals between the firing cycles, however, care is needed to 
avoid the emission of smoke on re-ignition. 

Coal tar 

Crude coal tar is a by-product of the carbonization of coal at gas-works 
and coke-oven plants. It is distilled for the production of refined products, 
which include all types of coal tar fuels, varying in viscosity from fluid 
creosote to soft pitch. For practical purposes, the measures to be taken 
to ensua' ^eir sme^kss combustion are the same as those which apply 
to the combustion of oil. If these precautions are not observed, the com- 
bustion of coal tar fuels may be attended by the formation of black smoke. 
Coal tar fuels generally contain a higher carbon content than petroleum 
fuels and produce hotter and more radiant flames. 

Coal 

Industrial coals are a heterogeneous mixture of coal substance and 
impurities, such as moisture and ash; they are supplied in a wide range 
of size grading. The coal substance itself (dry, ashless coal) varies widely 
in composition and properties, according to the coalfield, seam and-^t 
from which it is mined. These variable properties include the chemical 
composition, the volatile content, and the caking properties, and they affect 
the combustion process considerably. 

At modem power stations and in the larger industrial installations, coal 
is often pulverized before burning in conditions simulating the combustion 
of liquid fuels. Smoke production is then controllable but the prevention 
of grit emission becomes a major problem, as will be seen in the following 
section. Elsewhere the coal is delivered on to a grate, and its combustion 
takes place in two stages. 

On the grate itself, the solid fuel is burnt by means of primary air passing 
through the fuel bed. The volatile matter driven off during this process 
is burnt by means of secondary air admitted over the fire. Good combustion 
requires good air distribution and, therefore, a fuel bed of uniform resist- 
ance to the passage of primary air. 

Irregularities in the fuel bed result in inefficient combustion to an extent 
which depends primarily upon the properties of the fuel, but also varies 
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with the coinbustion appliance. Among the coal properties affecting uni- 
formity of the fuel bed are the following: 

(1) The size grading is very important, particularly if the coal contains 
a high proportion of fines. With such coals, segregation almost invariably 
occurs in the fuel bed, with consequent maldistribution of the primary air 
flow. Bare patches occur in areas with low air resistance while areas 
of fine coal are starved of air. Conditioning of the fuel with water lessens 
the resistance of the fines and thus leads to better air distribution. The 
amount of water which may be added is sometimes limited by the feed 
mechanism of the stoker. 

(2) The caking properties of a coal can affect the evenness of a fuel bed. 
With non-caking or weakly caking coals, the fuel bed structure and the air 
distribution are not changed during the combustion process, and each 
particle bums off separately. If, however, the coal has marked caking 
properties, the particles tend to bond together, forming lumps which bum 
slowly, whilst excess air is able to pass through the fissures which form be- 
tween them. With strongly caking coals, the fuel bed may become very 
irregular and require frequent breaking up. 

(3) Ash in fuel also affects the efficiency of combustion. If the ash has 
a high fusion temperature, it may prevent air from reaching the fuel and 
cause incomplete combustion. If the ash has a low fusion temperature, 
it will probably clinker and cause uneven air distribution through the 
fuel bed. 

(4) The fines content of a coal, as already noted, may cause irregular 
fuel beds unless suitably conditioned, but may also have a bad-eflfeet on 
the operation of certain firing appliances. 

Even this brief analysis may serve to indicate that the design of coal- 
burning equipment and the selection of the correct grade and rank of coal 
for any particular unit are an intricate technology. For examples of its 
application to particular conditions, reference may be made to the following 
papers: (Arthur & Napier, 1952; Arthur & Smith, 1956; Cosby, 1949; 
Dunningham, 1957; Gunn Sc Hawksley, 1957). Here it must be sufficient 
to note some general trends, which no doubt vary in significance in different 
parts of the world, according to local circumstances. In order to reduce 
labour costs and to increase combustion efficiency, the trend has for many 
years been to replace hand-firing by mechanical stokers, on boilers with 
ratings of 7000 lb. (3175 kg) of steam an hour, or even less. On balance, 
this has reduced atmospheric pollution by smoke, but sometimes it has 
increased grit emission. 

Mechanical firing must result in some selectivity in choice of coal, 
and one trend has been to specify closely the fuel to be supplied for any 
particular appliance, or vice versa, in order to secure maximum efficiency 
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of combustion. In those countries where the supply of coal is easy, this 
close specification is of course desirable. In other countries, of recent 
years, demand for coal has outstripped supply, and the mechanization of 
mining methods has led to the production of coal with higher ash contents 
and higher proportions of fines. Much thought has therefore been devoted 
to the development of firing appliances which will burn such coals without 
serious loss of efficiency. Clearly, supplies of coal which contain more ash 
and more fine particles enhance the danger of grit emission. This is a 
problem to be taken into account in the design of appliances, and attempts 
to solve it are resulting in the installation of grit arresters on small boiler 
plants, where formerly that would not have been considered necessary. 

Coke 

Coke is the residue remaining after the volatile matter has been driven 
from coal by heating in absence of air — the carbonization process. Two 
main types of coke are produced, metallurgical coke at coke-oven plants 
anu gas coke at gas-works. The former is made from the best coking coals 
to ensure a coke of high mechanical strength for use in blast furnaces and 
other metallurgical furnaces. Gas coke on the other hand is widely distri- 
buted in some countries as an industrial and domestic fuel. It varies in 
Its characteristics— but to a far less extenTtlian coal — according to the 
carbonizing process used, the type of coal, its ash content and the carbo- 
nizing temperature employed. It normally contains about 90% carbon, 
is comparatively friable and is much more reactive and readily ignitable 
than metallurgical coke. 

Coke is a smokeless fuel, but with excessive draught grit emission may 
be severe, particularly when burning fines. With insufficient draught, the 
fire is liable to extinction. The main factor influencing the combustion 
characteristics of gas coke is size, and this must be considered when selecting 
a suitable coke-burning appliance. 

Briquettes 

Briquettes are manufactured from fine coal by agglomerating it into 
compact masses. This is usually done by mixing the fine coal with a binder, 
such as pitch, and compressing it in moulds which are heated sufficiently 
to melt the binder. Briquettes made in this manner, without being strongly 
heated, will retain the volatile content of the fine coal in addition to that 
of the added pitch, and are therefore liable to produce more smoke than 
the original coal. The considerations which apply to the smokeless combus- 
tion of coal apply in exactly the same way to uncarbonized briquettes. 

Some smokeless briquettes are now being produced from low volatile 
coals, by carbonization at about 8WC. They will burn smokelessly 
without special precautions in a similar manner to coke. 
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Producer gas and water gas 

Producer gas is an industrial fuel widely used in the metallurgical 
industries, in the manufacture of glass, refractoiies and ceramics, and for 
the heating of retorts or ovens in the carbonizing industries. It is made 
by passing a continuous mixture of air and steam through an incandescent 
bed of coal or coke. It is variable in composition but generally will consist 
of about 50%-55% nitrogen, 25%-30% carbon monoxide, 10%-12% 
hydrogen, and small quantities of other gases ; it has a calorific value of 
from 110 to 155 B.Th.U./cu. ft/T (approximately 1760-2480 Kcal/m^C). 
In many applications, the hot gas is conveyed directly from the producer 
to the furnace in which it is to be burnt. It is obvious, from the nature 
of its production process, that the gas will be dirty, since it carries with 
it small particles of coke and ash from the fuel bed. It may also contain 
tar. Therefore, while producer gas is itself a smokeless fuel, unless it is 
cleaned it may be the cause of grit emission. 

Water gas is not a general industrial fuel, being made normally only 
by gas-works and certain large chemical works. It consists almost entirely 
of carbon monoxide and hydrogen and, like producer gas, it is smokeless 
but requires cleaning. 

Control of Grit and Dust Emission 

The methods of controlling grit and dust emission can be classified as 
follows: 

{a) dilution (use of chimneys) 

(b) arresters (including inertial collectors, filters, precipitators and other 
devices for catching particulate matter) 

(c) scrubbers 

(d) sonic and ultrasonic a^lonieration. 
Dilution 

Tall chimneys are of limited application, and are not a positive means . 
of controlling pollution (Hawkins & Nonhebel, 1955). They should be 
considered as ancillary to other more positive methods, and not as sufficient 
by themselves. They can, of course, handle tremendous quantities of 
pollutant, and while their initial cost is high maintenance is quite low. 

As a result of direct measurement and wind tunnel experiments, much 
is now known of the influence of chimney height on the dispersal of both 
solid and gaseous effluents. The following are some of th^- more important 
general points: 

(1) The plume of gases emerging from the top of the chimney tends 
to expand at a solid angle of about 20"^ under normal wind conditions* 

2% 
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(2) Any building or obstruction adjacent to the chimney will cause 
down-draughts on the lee side, affecting air currents to a height some 
1*4-2 V2 times the height of the chimney. For isolated plants, therefore, 
the height of the chimney should be at least 2 times that of surrounding 
buildings to ensure that the plume is not brought quickly down to ground 
level. It is obvious that the higher the chimney, the greater will be the dis- 
persion and the smaller the concentration of " fall-out at any point. 
For power stations and many industrial plants, chimney heights of 250- 
350 feet (about 75-100 m) and more are necessary. 

(3) A chimney will itself cause down-draught eddies. These can be 
minimized by increasing the velocity of discharge and by suitable design 
of the chimney mouth. 

(4) Theory, and practice confirm that it is advantageous to combine, 
in a single chimney, the discharge from as many effluent-producing units 
as possible. 

Arresters 

Arresters comprise an extensive array of equipment but, in general, 
they can be classified into three sub-groups: 
(a) inertial separators 
{b) filters 
(r) precipitators. 

Inertia! separators 

These take two forms: centrifugal, e.g., cyclones, or trajectory, e.g., 
louver-type collectors. On the basis of cost per unit volume of gas handled 
they are probably the cheapest method of controlling particulate matter. 

Cyclones ^ are widely used for industrial dust collection, either alone 
or followed by secondary collectors. The dust particles are subjected to 
an outward centrifugal force by admission of the dirty gases tangentially 
at the peiiphcry of a cylindrical vessel. An inward viscous drag opposes 
the centrifiigal^foce^arid^he balance of forces determines whether the 
particle will move to the wall and thence into the dust hopper or !?e carried 
inwards to the " clean-gas " exit. 

The efficiency of a cyclone can be increased by irrigation of its walls, 
if a wet disposal system can be tolerated. Generally, the use of irrigation 
should be regarded as an expedient to improve the efficiency of an existing 
plant. 

Stairmand & Kelsey (1955) suggest that cyclones should eliminate dust 
deposition nuisances from most small steam-raising plants, but have little 
effect on the appearance of the plume from the chimney. 

> A diagrammaiic representation of a cyclone dust collector is shown on page 316 Pre- 
vention and Control of Air Pollution by Process Changes or Equipment. " by A. H. Rose, 
D. C. Stephm St R. L. Stenburg). 
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Filters 

It is possible to obtain filters for handling almost any type of particle 
with any desired degree of efficiency, and they probably constitute the most 
effective means of controlling atmospheric pollutants. Their main draw- 
backs in combustion applications are that as the collection efficiency depends 
upon pressure drop and air flow, the size of the units is relatively large, 
and the most effective filters are sensitive to temperature. \ 

Precipitators 

The electrostatic precipitator is regarded as the most effective device 
for preventing the emission of dust from flue gases, and is practically 
standard equipment for large power stations. Unfortunately, the equip- 
ment is massive and costly to operate, so that considerations of cost limit 
its use for smaller boiler plants. 

Scrubbers 

These devices are used for particulate matter, but are better suited for 
vapours and gases. They may be classified as follows: 

(a) wet washers 

(1?) gravity spray towers 

(c) wet impingement scrubbers 

{(f) spray de^usters 

(e) disintegrator scrubbers 

(/) ventnri scrubbers. 

Their applications in fuel processing or combustion are limited and 
their general application to industrial effluents is discussed elsewhere ^ 

Sonic and ultrasonlc^aggloineration 

Some attention has recently been given, particularly in the USA, to 
methods of agglomerating dust particles in suspension, thus facilitating 
their subsequent collection in a simple cyclone or wet washer. It has been 
standard practice for many years in the carbon-black industry to use 
electrostatic precipitators as pre-agglomerators. These installations arc 
relatively expensive, and attempts have been made to produce a cheaper 
plant by using sonic or ultrasonic agglomerators. 

The equipment consists of a generator of sonic energy, a resonance 
chamber in which the agglomeration takes place, and a collector for the 
agglomerated particles. 

* See page 329 C* Prevention and Control of Air Pollution by Process Changes or Equip* 
menl by A. H. Rose, D. G. Stephan A R. L. Stenburg), 
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Tt^ay be stated that sonic and ultrasonic methods of enhancing the 
collection efficiency of cyclones and filters have not yet proved their worth 
for normal industrial application. 



Removal of Sulfur Dioxide 

In many plants for processing sulfur-bearing ores or for manufacturing 
sulfuric acid, removal of sulfur oxides from the exit gases is essential. 
Potentially, some of these methods are applicable to the removal of sulfur 
dioxide from the gaseous products of combustion. But, whilst the total 
discharge of sulfur dioxide into the atmosphere as a result of the combustion 
of fuel is enormous (see Table I), the concentration in the flue gases is 
comparatively low. It is the general practice, therefore, to rely upon 
dispersal from high chimneys to prevent the emission of sulfur dioxide 
becoming an undue nrjsance. As far as the authors are aware, the removal 
of sulfur dioxide from flue gases has only been practised at a few large 
power stations, situated in Central London near buildings of historic 
importance. These processes are expensive, and the cost of applying them 
to smaller plants would be prohibitive. Research is being undertaken on 
less expensive methods of purification. Accounts of this work and of the 
specialized processes for removing 'highei concentrations of sulfur oxides 
in the metallurgical and chemical industries are to be found in the following 
papers: Canad. chem. Process Ms, 1942; Craxford, Poll & Walker (1952); 
EJean & Swain (1944); Diamond (1934); Francis (1946); Hewson et al. 
(1933); Johnstone (1952); Johnstone & Kleinschmidt (1938); Johnstone 
& Silcox (1947); Johnstone & Singh (1940); Kirkpatrick (1938); Lessing 
(1938); Newall (1955); Pearson, Nonhebcl & Ulander (1935); Rees (1953); 
Rees(l957). 

Rees (1957) has reviewed three processes for the removal of sulfur 
dioxide from the flue gases from London power stations. The first was 
developed by the London Power Company for Battersea. The siting of 
this station on the River Thames where there was a strong tidal flow led 
to the use of an effluent process. The river not only provides the large 
amount of washing water and about four-fifths of the alkalinity needed 
to neutralize the SOg in the flue gases, but also carries away to sea, in well 
mixed solution, ths calcium sulfate produced in the process. It is perhaps 
the simplest flue gas washing process that could be devised, and has since 
been installed at Bankside power station, where it is removing 95 % of the 
sulfur dioxide in flue gases from the combustion of oil with a sulfur content 
of about 3.8 %. 

In an earlier papec, Rees (1953) described the feea rPt ira ] b anj cgrouad.^ 
and early development of the process. A flow diagram of its present form 
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is given in Fig. 1, which shows the relevant quantities, on an hourly 
basis, for plant of 120 megawatts generating capacity burning coal with a 
sulfur content of 1 .5 %. The effluent is oxidized by aeration in the presence 
of manganese in order to meet the requirements imposed by the Port of 
London Authority on the quality of the discharge into the river. The 
permissible residue of deoxygenating material in the effluent contributes 
only slightly to the pollution of the river. The calcium sulfate produced 
is capable of forming scale in certain types of heat exchanger. There is 
no danger of saturating the water of the Thames with calciun^ sulfate from 
Battersea and Bankside power stations, but it might be unwise to install 
this process at any other stations in London or for many miles downstream. 



FIG. 1 

FLOW DIAGRAM OF THE "BATTERSEA" EFFLUENT PROCESS 
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The cost of ir<:talling, operating and maintaining the process at a modern 
power station adds 8-10 shillings per ton to the cost of coal burnt. 

The second process described by Rees is the Howden-I.C.l. Cyclic 
Lime Process. Owing to the presence of oxygen in flue gases, the calcium 
sulfite first formed when SOg is neutralized by lime or chalk is oxidized 
to cal c i um s u l fat e . This is not very soluble, and so forms scale on scrubbers. 

FIG. 2 

FLOW DIAGRAM OF HOWDEN-I.CI. CYCLIC LIME PROCESS 
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rhc Howdcn-I.C.L process is distinguished from other cyclic lime processes 
by its method of overcoming this difficulty. The solution leaving the 
scrubbei-s, supersaturated with calcium sulfate, is mixed with a suspension 
of lime or chalk (the amount being controlled by the pH value of the solu- 
tion) and sent to a delay tank, where the excess calcium sulfate crystallizes 
on existing crystals in suspcnsi ^i. The concentration of dissolved calcium 
sulfate is thereby reduced to t?aturation level, after which the slurry is 
pumped back to the scrubbers. The general concentration is kept roughly 
constant by bleeding off a fraction of the liquor and separating the suspended 
calcium sulfate from it. The arrangement is shown in the Sow diagram 
in Fig. 2, the quantities being on the same basis as those in Fig. 1. 
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The process removed more than 95 % of the SOg in the flue gases, but 
was costly and maintenance problems were severe. The disposal of the 
wet calcium sulfate sludge, amounting to considerably more than 100 tons 
weekly in a typical power station was also troublesome. For these reasons 
the process has not survived at power stations, though it is a convenient 
means of purifying relatively small quantities of gas. 

The all-in cost of this process in a power station is estimated at 17 
shillings per ton of coal burnt. 

TLj Fulham/Simon-Carves Ammonia Process was developed to manu- 
facture ammonium sulfate and sulfur by washing flue gases with ammonia 
liquor from gas-works and coke-ovens. Work on a pilot plant began 
in 1948 at the Fuel Re!»carch Station in order to assess the potentialities 
of the process. The Central Electricity Authority and Simon-Carves 
Limited, with'the co-operation of the Fuel Research Station, have recently 
set up a pilot plant which handles half the gases from one of the boilers 
lit North Wilford power station — i.e., about 1.5 million cu. ft/hr (about 
42 500 m*). The schema jj illustrated }n Pig 1. The liquor bled from the 
circulating system is heated under pressure with sulfuric acid to produce 
ammonium sulfate and sulfur. At the present time, the major field of 
research lies in the design of the scrubbers, which are required to remove 
•early all the sulfur dioxide from the gases while retaining all but a trace 
of volatile ammonia within the system. 

_ .Thc economics of the process depend largely upon the cost and avail- 
tibiltty of ammonia liquor, upon the price that can be obtained for ammonium 
sulfate, and upon the cost of maintaining the plant. It is hoped that the 
all-in cost will be less than that of the oettersea process. 

Alternatives to flue gas washing 

As washed flue gas is cool and laden with COj and condensed water 
droplets, it has a density which brings it to the ground much nearer the 
point of emission than if it were discharged unwashed, and therefore hot. 
Because of this, the public, which rarely takes notice of unwashed flue 
gases discharged from high chimneys, complains not infrequently about 
the washed flue gases from Battersea and Bankside. 

Ab flue gas i^Pashing is also so expensive a process, much thought has 
been given to the possibility of extracting the sulfur from the fuel before 
it is burnt, or removing SO2 from the flue gas by some method that does 
not cool the gas. The Central Electricity Authority has examined the possi- 
bility of the removal of pyrites from coal. As, in pulverizing, the size of 
the coal particles is reduced to 20-SO |Jt, it was hoped that th^ relatively 
dense pyrites would be split from the coal substance. Unfortunately, it 
has been found that it would be necessary to grind most British coals 
much more finely, before the pyrites particles and the coal substance could 
be readily separated. 
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The separation of sulfur from fuel oil is feasible but costly, and existing 
techniques are not applicable commercially to the residual oils that are used 
for steam generation in power stations. 

Despite the amount of development work in the past, no practicable 
process has been found for the removal of SOg from flue gases without 
cooling the gas. The main problem of absorption by a dry rea^nt is the 
poisoning of the reagent surface by dust or sulfatesand phospht.,es deposited 
from the gas. 

Specific Industriai Problems 

In the iron and steel industry, the position has been summarized by 
Thring & Sarjant (1957) as follows: . 

During refining, the open-hearth furnace emits fine iron oxide fume, the emission 
of "which is con^idcraWy increased if oxygen lancing is used. Electrostatic precipitators 
and Pease Anthony scrubbers have been used, but cleaning is very expensive and research 
on new methods is being actively pursued in the United States of America. The Bessemer 
also gives severe iron oxide fume and the problem ofclcaniag is even more difficult as 
the gases am not confined to a comparatively small fli». Bag fitfers, electrostatic preci- 
pitators and Pease Anthony scrubbers have been tried on arc furnaces and on cupolas. 
In the former case the comparatively small volume of gases makes the problem more 
soluble. Blast'fumace gas cleaning is hi^ly developed, using systems whivh are economic 
because of the value of the clean gas. 

Continuous countcrflow pusher-type reheating furnaces present no fume problem 
since the temperature is not high enough for the emission of iron oxide fume, and there 
is no reason to operate with smoky combustion conditions since sufficient temperature 
uniformity can be obtained with quite a short flame by bringing part of the fuel in at 
the discharge end and part further down the furnace. 

The furnace for reheating large ingots for forging can present a real smoke problem, 
not because it is necessary to have ^cess fuel to avoid oxidation, since the d^ree of 
surface oxidation is not great with large ingots, but because the draign of the furnace 
necessitate* delayed combustion to give even ten.pcratures on both sides of the ingot. 
The solution here is clearly to change the design of the furnace. 

In the past, probably the greatest offender from t ic smoke emission standpoint 
has been the^smalt hand-fired, heat4rcatment funiaof.. A survey of heat-treatment 
furnaces was carried out in the Sheffield area some years ago and of 106 furna^ mvcs- 
tigated 76 were coal fired and of these 47 were hand fired, the remaincter having mechan- 
ical stokers. The heavy smoke emi^ion coincided ahnost exactly with the hand-fired 
type of furnace ... The use of mechanical firing could largely eliminate smoke formation 
and the change-over to town gas firing can completely eliminate it. Even with hand 
firing, however, it is possible to operate largely without smoke by good firing practice 
and overfire air jets. 

Thring & Sarjant also provide an excellent outline of the problems of 
preventing the emission of smoke and grit from coke-ovens. Smoke arises 
from coke ovens and can be broadly classified as to its source under three 
heading: (1) during the charging and discharging operation; (2) from 
leaking doors ; and (3) from pushing and quenching (dust as well as smoke). 
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(1) This can be reduced to a minimum as follows: 

(a) by providing the telescopic connections between the charging holes in the top 
of the ovens and the charging car; 

(b) by providing double collecting ttmm, that is, a collecting main at either end 
of the battery of coke ovens; 

(c) by charging and levelling with the gas mains coupled to the oven and the use of 
steam ejection in the ascension pipes; 

(d) careful attention to detail by workmen in carrying out operations correctly 
and quickly. 

Little can be done to reduce the dust and smoke evolved during discharging. Atten- 
tion to the distribution of the heating gas to the ovens is important and coal quality 
ought to be reasonably consistent. 

(2) The latest types of self-sealing door arc smokeless if the doors and frames are^ 
properly cleaned after pushing. 

(3) The dust which is entrained with water vapour and steam in the quenching towo* 
can carry some live or six hundred yards and although there is no easy method of collect- 
ing this dust, the method of quenching employed can minimize such carry-over. Instead 
of strong jets of water being directed on to the hot coke it has been established that 
a cticular spray of water, whidi is, as it were, more gentle in its action, not only gives 
a better quench but also reduces the amount of dust ^trained. 

The foundry presents highly individual problems, which are being 
tackled systematicaUy and with a high degree of success. Large quantities 
of dust are produced, some likely to produce silicosis. Lawrie (1957) 
discusses the means to be adopted for suppressing dust and fumes, and 
points out that the main difficulty is that many operations are conducted 
on a small scale, gei^rating large numbei^ of particles of various sizes. 
He and his colleagues have developed a method for photographing normally 

^ mvisible dust clouds and the technique is used to devise local exhaust 

ventilation systems that remove the dust through hoods. 

The main danger of atmospheric pollution in the cement industry 
arises from the rotary kilns. A slurry of chalk and clay is fed into one end, 
and pulverized coal is blown in at the lower front end. To what extent 
the emergent dust originates from the slurry or from the coal — ^and therefore 
whether tte problem lies within the terms of reference of this paper— would 
be difficult to determine. Burke, Murray & Johnson (19S7) have reviewed 
methods of-dust control in this industry. ' They discuss the application 
of electrostatic precipitators, which are normally used to collect dust from 
the rotary kilns, and compare the cost and efficiency with other methods, 
such as cyclone collectors. 

Research on a comilerable scale has been devoted to the problem of 
firing ceramics efficiently and smokelessly. The measures that have b6en 
tdcen to reduce smoke emission can be summarized as follows: 

(1) Coal has b^n replaced by coke, oil or gas. 

(2) Intermittent kilns have been replaced by continuotis kilns, thus 
avoiding smoke emission and tl^ waste of fuel consequent upon alternately 
heating and cooling the structure. 
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(3) Improvements have been made in the design of kilns. 

(4) The standaixl of maintenance has been improved. 

(5) 1 he standard of operation has been improved. 

(6) Mechanical stokers have been more widely used. 
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AIR POLLUTION LEGISLATION: STANDARDS 
AND ENFORCEMENT 



Introductioa 

Gross contamination of the air of many large towns in different parts 
of the world is part of the price that has so far had to be paid for the develop- 
ment of industry and the resultant concentration of large numbers of people 
in relatively small areas. It is mainly from the use of coal and its products 
lhat the air of densely populated areas in the industrialized countries is 
heavily polluted with smoke, grit and dust, and oxides of sulfur, though 
there are some areas receiving large quantities of pollutants from the manu- 
facture of chemicals, iron and steel, cement, and other materials More- 
over, during the last fifty years there has also been an increasing amount of 
pollution from the use of petroleum oils for furnaces and transport. 

With few exceptions, air pollution control legislation in the v lous coun 
tries is inadequate. A frequent disadvantage is that 'he first control mea- 
sures were introduced many years ago, and the legislation at present in 
force takes no account of the enormous growth of industry, new types of 
air contaminant, and new sources of pollution, such as motor vehicles and 
heating installations. Some laws provide solely for the payment of com- 
pensation for damage caused by air pollution. In several countries, there- 
fore, the need is becoming apparent to introduce effective legislation 
enforcing the adoption of adequate control measures and fixing the maxi- 
mum permissible concentration of the various containinantf. 

The following pages are mainly concerned! with air pollution control 
legislation in the United Kingdom, the USA, and the USSR, but some 
information is also presented on the situation in certain countries of 
Western Europe^ the source of which a study published in 1957 by the 
Organisation for European Economic Co-operation (OEEC).* In addition, 

♦ Formerly Director of Fuel Research, Department of Scientific and Industrial Research, 
London. En^and. 

» Organisation for European Economic Cooperation, European Productivity Agency (1957) 
Air and watfr pollution : the position in Europe and in the United States, Pans. 



1. 



366 A. PARKER 

material has been extracted from the International Digest of Health Legis- 
lation, describing the control measures adopted in recent years in Australia, 
Canada, Czechoslovakia, and New Zealand. 

United Kingdom 

In the eariier years of the 19th century, when the great acceleration 
in industrial development began, the boilers and furnaces burning coal 
were not so efficient as they are today. Large quantities of smoke must 
have been emitted from every ton of coal burned. By 1819, the smoke 
nuisance was increasing to such an extent that Parliament appointed a 
committee to inquire if persons using engines and furnaces could erect 
them in a manner less prejudiciaHo -public health and comfort. In 1843, 
another select committee recommended legislation to deal with nuisances 
from steam engines and furnaces. 

Since that time, the desirability of greatly reducing the pollution of the 
air from the burning of coal has been stressed by many expert bodies. 
For example, during recent years various aspects of the problem have been 
considered by a Heating and Ventilation (Reconstruction) Committee of 
the Bui.ding Research Board of the Department of Scientific and Industrial 
Research, a Fuel and Power Advisory Council appointed by the Minister 
of Fuel and Power, and a Departmental Committee on National Fuel 
Policy, also appointed by the Minister of Fuel and Power. The findings of 
these three authorities were published in 1945,* 1946,* and 1952 * respectively. 

In relation to air pollution by discharges from chemical and other 
special manufacturing processes,. it should bejmeiitioned that in the middle^ 
of the 19th century there was a public outcry as a result of the establishment 
of processes for making alkali from common salt. From these processes 
large quantities of hydrochloric acid were discharged. Ailoyal Com- 
mission was appointed, and following its first report, the first Alkali, etc.. 
Works Regulation Act was passed in 1863. Later, the Act was extended 
on several occasions to cover a number of special processes, including 
many that are not related to the manufacture of alkalis. 

In 1953, after the disastrous smog in December 1952, which caused the 
death of about 4000 people in the London area, a Committee on Air 
Pollution was appointed by the Government " To examine the nature, 
causes i^nd effects of air pollution and the efficacy of present preventive 
measures; to consider what further preventive measures are practicable; 

< Great Britain, Department of Scientific and industria! Research (1945) Healing and 
ventilation of dwellings, London (Post-War Building Studies No. I9|. 

* Great Britain, Ministry of Fuel and Power, Ft^i and Power Advisory Council (19461 
Domestic fuel policy, London. 

' Great Briuin, Ministry of Fuel and Power. Departmental Committee on National Fuel 
Policy (1952) Report of the Committee on National Policy for the Use ofFueland Povier Resources^ 
London. 
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and to make recommendations. " That Committee, which dealt with the 
many aspects of the subject, issued an interim report in November 1953,^ 
and a final report in November, 1954* Many of the recommendations 
of the Committee on Air Pollution have formed the basis of the Clean 
Air Act, 1956. 

The principal legislative enactments that have been in operation in the 
United Kingdom during recent years, or are now in operation, are outlined 
in the following paragraphs. 

Smoke from indostrml and domestic premises 

Before the passing of the Clean Air Act, 1956, the main statutory 
provisions in force for the c jntrol of smoke were contained in the Public 
Health Act, 1936, the Public Health (London) Act, 1936, and the Public 
Health (Scotland) Acts, 1897-1939. The authorities responsible forenforcing 
the Acts were: in London, the London County Council and the Metro- 
politan borough councils; in the rest of England and Wales, the councils 
of county boroughs, boroughs, and county districts; and, in Scotland, 
town councils and county councils. 

There were also in Scotland the Smoke Nuisance (Scotland) Acts, 1857 
and 1865, which applied to burghs with a population of 2(X)0 or more, 
and the Burgh Police (Scotland) Acts, 1892 and 1903, administered by alj 
town councils, except those of certain of the largest towns, who had similar 
powers under sp«na! local Acts. 

The Public Health Act, 1936, constituted as statutory nuisances any 
installation for the combustion of fuel used in any manufacturing or trade 
process which did not so far as practicable prevent the emission of smoke; 
and any chimney (except a chimney of a private house) emitting smoke 
in such quantity as to be a nuisance. Where a notice served by a local 
authority requiring the abatement of a nuisance was not complied with, 
proceedings could be taken before a court of summary jurisdiction. The 
court could impose a fine of up to £50 and make an order for the abatement, 
or prohibition of recurrence, of the nuisance. It was, however, a defence 
in any proceedings for discharging smoke, other than black smoke, to show 
that the best practicable means for preventing the nuisance had been used. 

The provisions of the Scottish and London Acts were similar. The 
term " smoke " was defined in the Public Health Act, 1936, as including 
soot, ash, grit or gritty particles. There was no defit.ition of smoke in 
Scottish public general legislation. As a result, difficultie arose in attempts 
to deal with complaints of grit from factory chimneys. 

* Great Britain, Commtuee on Air Pollution (1953) imerim report, presented to Parlmment 
hy the Minister of Mousing and Local Government, the Secretary of State for Scotland ^id the 
Minister of Fuel and Power . . . December 1953, London. 

» Great Britain, CofiiiiitUee on Air Poflution (1955) Report, presented to Parliament by the 
Minister of Housing and Local Coverntnent, the Secretary of State for Scotland and the Mwister 
of Fuel and Power . . . November I9$4, London. 
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Under the Public Health Act, 1936, local authorities couIcLmake by- 
laws, subject to confirmation by the Minister of Housing and Local Govern- 
ment, regulating the emission of smoke of such colour, density, or contenT 
as may have been prescribed. Such by-laws did not ^ply to private 
houses. The by-laws usually made it an offence to discharge black smoke 
for a total of two irinutef within a continuous period of thirty minutes. 
More than 200 IochI auth yruies in England had such by-laws, all of them 
dealing only with black s*noke. 

Before the passing of the Clean Air Act, 1956, there was no provtstoir 
under general legislation for declaring ''smokeless zones'* or ''smoke 
control areas ^\ About twenty local authorities, however, v>btained special 
powers for the puipose by local Acts; the powers were used in only a few 
cases. These local Acts enabled the authority to define areas in which the 
emission of smoke was either prohibited or strictly regulated. Some local 
Acts also contained a " prior approval clause which made it an offence 
to install a furnace unless it could be operated, so far as practicable, without 
emitting smoke. The person installing the furnace, if he wished, could 
s^k the local authority's approval to the installation in advance, and no 
proceeding could then be taken if the authority approved the furnace or 
failed to disapprove it within a specified period. 

Under the Clean Air Act, 1956,^ which is operated by local autho- 
rities, it is an offence to emit dark smoke from a chimney for longer 
than such periods as may be specified by the Minister of Housing and 
Local Government by regulations. Dark smoke, which includes soot, 
ash, grit and gritty particles emitted in smoke, is defined as being as dark 
as, or darker than, shade 2 of the Ringelmann chart. Regulations in relation 
to ^rmitted' periods for the emission of dark smoke, and black smoke 
defined as smoke as dark as shade 4 of the Ringelmann charts have, been 
issved. 

In any proceedings for an offence under the section prohibiting the 
emission of dark smoke from industrial chimneys, it is a defence to prove 
that the contravention was due to (a) the lighting up of a furnace which 
was cold, or (b) some failure of a furnace or apparatus that could not 
be foreseen, or (c) the use of unsuitable fuel as suitable fuel was unobtain- 
able. During the seven years from the passing of the Act, it is also 
a defence to show that the contravention was due to the nature of the build- 
ing or its equipment and that it had not b^n practicable to alter or equip 
the building so that it could be used for the purpose for which it was intended 
without the likelihood of contravening the Act. 

The Clean Air Ad, 1956, also provides that no furnace, except small 
furnaces designed mainly for domestic purposes, shall be installed unless 

* Alt Act to mtke provistoii for abatmg the potlulton of the air (The Oean Air Act. 1956). 
Dated 5 July 1956. (Pub!ic Ctneral Acts and Measfff-ts of 1956, 1957. ch. 52, pp. 377-415) 
(published in txttn$0 in Int, Dig. Hlth Leg,, 195S, 9, 181)* 
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it can be operated, so far as practicable, continuously without emitting 
smoke when burning fuel of a type for which it was designed. Notice of the 
proposal to install the furnace must be given to the local authority, which 
may or may not approve the plans and specifications. 

Regulations may be made by the Minister of Housing and Local Govern- 
ment requiring the provision of apparatus for indicating or recording the 
density or darkn-ss of smoke emitted and for making the results available 
to the local authority^ 

A local authority may^byjQjtkf confirmcd by the Minister, declare the 
whole of a district or any part of it to be a smoke control area in which 
only approved appliances or approved fuels or both may be used. When 
such an order applies to dwellings or to churches and buildings used by 
charities, there is provision for financial contributions from public funds 
towards the cost of adapting fuel-using appliances or installing new Dncs 
to meet the requirements. 

Smoke from raflwty amines attd ships 

The Railway Clauses Consolidation Act, 1845, and the Regulation of 
Railways Act, 1868, and the corresponding^ Scottish Acts, provided that 
every railway locomotive steam engine should be constructed on the prin- 
ciple of consuming, and so as to consume, its own smoke; and made it 
an offence if any locomotive failed to consume its own smoke. No particular 
body was imested with the duty of enforcing these Acts. In England and 
Wales, any person or corporate body could complain to the courts. In 
Scotland, the complaint would be made to the Procurator-Fiscal, who 
would decide whether or not to prosecute. 

Under the Clean Air Act, 1956, the provisions whereb^Lihe emission 
of dark smoke from industrial chimneys is prohibited apply^lso ic railway 
locomotive engines. They apply, in addition, to vessels in waters not 
navigable by sea-going ships and in certain waters navigable by sea-gbing 
ships which are within the seaward limits of the territorial limits of the 
United Kingdom, . 

Grit aad dtist 

The Public Health Act, 1936, constituted as a statutory nuisance any 
dust or effluvium oiused by any trade, business, manufacture, or process, 
which is injurious or dangerous to the health of, or a nuisance to, the 
inhabitants of the neighbourhood. As with smoke emission, under the 
same Act it was a defence to prove thai the best practicable means of pre- 
vention or alleviation of the emission had been employed. 

Under the Clean Air Act, 1956, it is obligatory to use any practicable 
means there may be for minimizing the emission of grit and dust from a 
chimney serving a furnace, except for small furnaces intend^ mainly for 
domestic purposes. Further, no furnace shall be used to bum pulverizca~ 
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fuel, or to bum solid fuel in any other form at a rate of one ton an hour 
or more unless plant is provided to arrest grit and dust, which has been 
approved by the local authority. The Minister may direct that any appli* 
cation for approval under this section shall be referred to him to be dealt 
with by him instead of by the local authority. In addition, the Minister 
may, by regulations, require measurements to be made and recorded of the 
grit and dust emitted. 

Height of chimneys 

Where there are plans for the erection or extension of buildings, other 
than buildings to be used wholly as residences, shops, or offices, the local 
authority must be satisfied, under the Clean Air Act, 1956, that the height 
of any chimney to be constructed to rarry smoke, grit, dust or gases will 
be sufficient to prevent, so far as is practicable, the discharges from becom- 
ing prejudicial to health or a nuisance. In reaching a decision, account 
must be taken of such local conditions as the levels of the neighbouring 
land and the position and description of nearby buildings. 

Miaerefflse 

Under the Public Health (Coal Mines Refuse) Act, 1939, and the corres- 
ponding Scottish Act, local authorities had the power to deal with, as 
statutory nuisances, any deposit of refuse from a coal mine where there 
was cause to believe that spontaneous combustion was likely to occur. It 
was a defence to show that the best practicable means were being used to 
prevent an outbreak of fire. The Clean Air Act, 1956, provides that the 
owner of a mine or quarry from which coal or shale is got shall employ all 
practicable means for preventing combustion of the deposited refuse and 
for preventing or minimizing the emission of smoke or fumes. 

Road traflic 

The Road Traffic Acts, 1930-1947, empower the Minister of Transport 
to make regulations as to the construction and equipment of motor vehicles, 
and to the consumption of smoke and emission of visible vapour, sparks, 
ashes and grit. The Motor Vehicles (Construction and Use) Regulations, 
1 95 1 , require every motor vehicle to be constructed, maintained and operated 
in such a way as to prevent avoidable emission of smoke or visible vapour. 
Failure to comply with th^ Regulations is an offence under the Road 
Traffic Acts. Under these Acts, action lies with the police. The Clean 
Air Act, 1956, docs not apply to motor vehicles. 

PoUtttmots from diemictl and other special processes 

Control of the emission of noxious and offensive gases from certain 
defined processes is exercised under the Alkali, etc.. Works Regulation Act, 
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1906. This Act is not administered by local authorities as in the case of 
the Public Health Acts and the Clean Air Act, 1956, but by Alkali Inspectors, 
who are Government Officers appointed by the Minister of Housing and , 
Local Government and the Secretary of State for Scotland. It includes a 
^schedule of processes and a li^t of noxious and offensive gases to which 
it applies. The schedule and list can be modified by such Orders as seem 
necessary to keep pace with the developments and changes in industry. Lo- 
cal authorities cannot take proceedings under the Public Health Acts and 
the Clean Air Act in relation to the scheduled processes, without first ob- 
taining the consent of the Minister, if action could be taken under the 
Alkali Act. 

The Alkali Act includes the following requirements: 

(1) Scheduled processes must be registered annually. 

(2) A ccmdition of registration is that the scheduled process must be 
provided to the satisfaction of the Chief Inspector with the "best practicable 
means ' for preventing the escape of noxious or offensive gases to the 
atmosphere and for rendering such gases harmless and inoffensive. 

(3) The best practicable means^nust theieafter be maintained inefficient 
working order and must be used continuously. 

(4) For certain processes, upyjer limits are specified for the concen- 
tration of total acidity in waste gases discharged to the atmosphere. 

In the schedule arc included processes concerned v*ith the manufacture 
or production of such materials as sulfunc acid, hydrochloric acid, nitric 
acid, picric acid, hydrofluoric acid, chlorine, bromine, fluorine, ammonium 
sulfate, and other chemical fertilizers, sulfides, bisulfites, carbon bisulfide, 
sulfocyanide, pyridine, tar, benzene, paraflSn o'lU arsenic, aluminium, lead, 
zinc, and cement. Electricity generating stations burning liquid or solid 
fuel, and coke-works, and many metallurgical processes are also included 
in the schedule. 

Ekcfridty geimatiiig statkms 

Electricity generating stations are subject to control under the general 
Acts in relation to the control of air pollution. It is worthy of mention, 
however, that at two power stations, equipment is in operation for the 
removal of sulfur dioxide from the chimney flue gases before discharge 
to the atmosphere. At one of these stations, coal with only about I % 
of sulfur is being burned and, at the other, the fuel is oil containing between 
3 % and 4 % of sulfur. These are special cases in which permission to build 
the stations included the condition that practicable methods of removing 
sulfur dioxide from the flue gases should be employed. 
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USA 

I'^ the USA, unlike the United Kingdom, there is no nation-wide or 
geneial legislation directed towards the mitigation or control of air pollu* 
tion. Air pollution control is exercised under state or local powers relating 
to the control of nuisances and conditions affecting public health and 
welfare. State lawsTlisuaJIy^give authority to counties or cities. For 
example, California has an Act providing for the creation of Air Pollu- 
tion Control Districts " within its various counties. Such Districts are in 
operation in the counties of Los Angeles and Santa Gara. In the state 
of New Jersey there is a Smoke Control Code that may be adopted by 
county or municipal boards of health. Almost every city in the USA now 
has a smoke or air pollution regulation of some kind. In some instances 
there are inter-state compacts to improve controls, and there is an interna- 
tional compact between the USA and Canada to cover adjacent areas 
in the two countries. 

Interest and action, backed by strong public opinion, have developed 
rapidly within the last twenty years with obvious reduction in air pollution 
in many areas, especially by smoke. 

The American Ordinances are often more severe than the general law 
for the control of smoke pollution m the United Kingdom, in that they 
restrict the type and quality of the coals that may be used in hand-fired 
industrial furnaces and in domestic heating appliances. For example, the 
St Louis Ordinance forbids the use of solid fuel with a volatile matter con- 
tent of more than 23 % or of coal of below two-inch size if it has an ash 
content greater than 12% or a sulfur content greater than 2% unless the 
fuels are used in fufnaces of approved design which can bum them smoke- 
lessly. The emission of smoke of a density equal to or greater than Ringel- 
mann No. 2 is prohibited, except for a maximum of six minutes in one hour 
in excess of Ringelmann No. 2 or nine minutes equal to Ringelmann No. 2 
to allow for fires being cleaned or new fires to be started. The emission of 
grit and dust is limited to the equivalent of 0.45 grain per cubic foot ( I g/m^). 
All plans for new fuel-burning plants and plans for the repair or recon- 
struction of existing plants are subject to the approval of the Smoke Commis-' 
sioner. In the event of contravention of the regulations, the Smoke Com- 
missioner has power to cause the plant to be shut down. 

Other typical examples are the Ordinances of Pittsburgh and Allegheny 
County, which, in general, follow the same lines as those of St Louis. In 
Pittsburgh, however, solid fuel containing more than 20 % of volatile matter 
must not be used in hand-flred equipment, as compared with 23 % in St 
Louis. Allegheny County has a large steel industry and the Ordinance 
has been directed primarily towards the mitigation of pollution from indus- 
try. The limit of volatile matter for solid fuel used in hand-fired equipment 
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is 2? fo- relation to smoke emission, there are some exceptions or 
relaxations for certain special processes or industries; and different maxi- 
mum allowable emissions of grit are prescribed for the several industries. 

The situatio'i in Los Angeles County differs greatly from that in most 
other parts of tht USA and even the world, in that the area of Los Angeles 
is subject to frequent temperature inversion, which reduces dispersion and 
results in the accumulation of pollutants for extended periods. Much larger 
quantities of petroleum oils, including motor spirit, are used in relation to 
the size of population than in almost any other part of the world. Little 
or no coal is consumed. Air pollution is caused by hydrocarbons and other 
products of the use of oil, and by the burning of household and garden 
refuse by individual householders. Recently, arrangements have been made 
for the centralized collection and disposal of household refuse. Legislation 
prohibits the discharge of smoke as dark as, or darker than, Ringelmann 
No. 2 for more than three minutes in one hour. Sulfur compounds nay 
not be discharged in greater concentration than 0.2 % by volume, a restric- 
tion that is not great, since it would allow the use of oil containing 3 % 
of sulfur as the fuel at electric power stations. In relation to dust emission, 
the Oit^inance provides a scale which varies with the total weight of raw 
material used up to a maximum discharge rate of 40 it). (18 kg) per hour. 
This would be an impracticable restriction in some areas, but in Los Angeles 
no coal is burned, and there are few factories wHich emit large quantities 
of dust. 

Steam locomotives burning coal in the USA are normally mechanically 
fired and much has been done to reduce smoke emission from them. Even 
so, they are prohibited from enteiing some city areas*. There has been a 
great extension in the use of Diesel locomotives and in railway electrifica- 
tion. 

In some areas, for example in Los Angeles, great importance is attached 
to the prevention of smoke emission from Diesel-engined ''oad vehicles. 
Special road patrols issue warnings and institute prosecutions when 
necessary. 

There is no doubt that the Air Pollution Control Ordinances vigorously 
operated with the backing of public opinion have greatly reduced pollution 
by smoke in many parts of the USA. At the same time, it should be 
recognized that the task has been faciUtatP'i.by the availability of oil and 
natural gas at competitive prices to replace coal for many purposes, and the 
availability in some areas of coal containing a low percentage of volatile 
matter. The improvement in grit emission has not been^^angreat, and less 
systemati attention has been utvoted to the reduction of pollution by 
noxious gases from special processes ihan has been given by the Alkali 
Inspectorate in the United Kingdom. 
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USSR 

In the USSR an Order issued in 1949 * stipulates that no electric power 
station may be constructed without the simultaneous installation of equip- 
ment for dust and ash absorption. Factories processing no^^ferrous meiuls 
must likewise be equipped with devices for the absorption of dusts and 
gases containing compounds of sulfur, arsenic, and fluorine. Coal-tar 
distilleries are required to install the apparatus necessary for the absorption 
of hydrogen sulfide and o^her sulfurous gases. In iron and steel works 
provision must be made for the filtration of gases from blast furnaces and 
for the utilization of these gases as fuel, and factories using solvents must 
be equipped with recovery plant. Instructions isstied in 1951 and amended 
in 1936 indicate the maximum permissible concentrations of noxious 
substances in urban air (see Table 1). 



TABLE 1 

MAXIMUM PERMISSIBLE POLLUTION LEVELS 





Maximum p«rmiaaible concentration 




(mg/m*) 


PoMutant 








At'^ny one time 


24 -hour average 


Sulfur dioxide 


0.50 


0.15 


Chlorine 


0.10 


0.03 


Hydrogen suiflde 


0.03 


0.01 


Carbon disulfide 


0.50 


0.15 


Carbon dioxide 


».00 


100 


Oxides of nitrogen 


0.50 


0.15 


Non-toxic dusts 


0.50 


0.15 


Soot 


0.15 


0.05 


PiSosphorus pentoxide 


0.15 - - 




Manganese and compounds 




o!oi 


Fluorine compounds 


0.03 


Sulfuric acid 


0.30 


0.10 


Phenol 


0.30 


0.10 


Arsenic (non-urganic compounds, wth the 




0.003 


exception of arslne) 




Lead and compounds {w\ih the exception 




0.0007 


of lead tetraethyl) 




Metallic mercury 




0.0003 



^ The organizational structure of air pollution control in the USSR was 
approved in 1950. Among the authorities *' aponsiWe for supen/ision are 
the services of the State Sf't^^ry If'^xtorate, in the case of industrial 



* Order No. 431 of 14 June 1949, prescribtAg measures for contFOlll&g pollution of the 
air and for the improvement of health and hygiene conditions in urban districts. (Summarized in 
Gigltna i Sattitariya, Augun 1949. No. 8. p, 62) (scu IttL Dig, Hlth Lejr.. 1951. 2. 454). 
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un(\ (takings subordinate to a republic, krai, oblast, okrug or municipality, 
and the local stations of the Sanitary and Epidemiological Department, 
in the case of undertakings subordinate to a rayon or city. 

The first step in the supervisory process consists in the registration of 
all planned industrial activities that may cause air pollution, as well as 
of those factories which are existing sources of pollution. The above-men- 
tioned authorities arc also responsible for the drawing up of regulations 
for the prevention and control of air pollution, and for checking that the 
standards established during the construction or transformation of any 
enterprise which is a potential source of pollution have been adhered to. 
Newly built industrial undertakings, or factories which have undergone 
transformation, cannot begirt operations until the necessary permit is 
issued by these authorities. 

Supervision is exercised in the following manner. When building plans 
for new factories are being drawn up, representatives of ministries, central 
administrations, factory managers, etc., are asked to frame the measures 
required to prevent air pollution, and to examine and give their opinion 
on the plans for filtration, absorption and recovery plant, etc., and on the 
siting of the new enterprise. These authorities also carry out an inspection 
at the building stage, and are empowered to prohibit the commencement 
of operations if the ncce^ry air pollution control equipment has not^been 
installed. 

The Order of ^^50 makes the approval of building plans subject to tu 
submission of particulars of the production methods envisaged, raw mat- 
erials to be used, quantity and composition of liquid, solid and gaseous 
emissions, height of chhnt ey stacks, etc. In its examination of projects, 
the supervisory authority must consider, inter alia^ protected areas, meteo- 
rological conditions and topography, the efficacy of control apparatus, 
and possible changes in the quantity and 'duality of pollution. The sanitary 
authorities give their final sanction on / after having ascertained that all 
their observations have been taken into account in the drawing up of plans. 
Regular sanitary inspection is earned out by the local stations of the Sanitary 
and Epidemiological Department. 



Western Europe 

Activity towards the mitigation of air pollution, in general, has not 
been so great in most of the countries of Western Europe as in the United 
Kingdom, and there has been little effective legislation, though realization 
of the importance of reducing air pollution is steadily increasing. The 
followltlg information, describing the position in a few of the countries, 
is based on material published in the OEEC report, to which reference 
has already been made. 
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Belgioni 

There is a general regulation that prescribes the height of chimneys 
designed to carry smoke and flue gases containing sulfur dioxide. The 
prescribed height is related to the concentration of the sulfur dioxide and 
the temperature of the flue gases. This regulation was framed to deal 
with the rdasting of sulfide ores and the extraction of zinc, but it applies 
also to other waste gases containing sulfur dioxide. 

Denmark 

There are no special regulations controlling air pollution. Under 
general legislation, it is unlawful to cause danger or nuisance persons 
or damage to property by smoke, dust, obnoxious odours or noise. The 
Directorf * of Health, which is under the Ministry of the Interior, can take 
action a^mst* infringement of this broad but not very precise legislation. 

Included in regulations governing most industrial firms in France, there 
is a clause prohibiting the discharge into the air of dense smoke, vapour, 
dust and toxic or corrosive gases likely to be detrimental to public health 
and safety, agricultural production, public monuments and scenic beauty. 
There is also an Act of April 1932, which deals with thw suppression of 
noxious industrial smoke. These rejgulations are not sufficiently explieit^is- 
to the degree of pollution considered to be harmful. It is only in the Depart- 
ment of the Seine that there are regulations in relation to fuma<^ burning 
coal or oil. They stipulate that during normal working the density of the 
smoke must not exce^ Ringelmann No, 1 and that, with intermittent stok- 
ing, any greater smoke density must not last for more than 5 % of normal 
time of working the furnace. Waste combustion ^ses must not contain 
more than 1 % of carbon monoxide by volume and 2 % of sulfur dioxide. 
Gas^s issuing from chimneys must not contain more than 1*5 grams of dust 
per cubic met.v, calculated to O^'C and 760 mm barometric pressure, and 
the total quantity of dust must not exceed 300 kilograms per hour. Chim- 
neys must be of sufficient height to ensure satisfactory dilution and dis- 
persion of gas and dust in the air. The results achieved by these various 
regulations have not been satisfactory, so the Government has arranged 
for a study of the problems of air pollution. 

GermtDy^ Federal Repablk 

Under the terms of a law of 21 June 1869, governing I dustrial establish- 
ments, the sanitary authority is empowered to take the necessary measures, 
at the stage of instaUation, to prevent any new industrial undertaking from 
becoming a nuisance to the population in the vicinity. If legal action is 
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brought, the offending party is required to pay compensation for damages 
inflicted or to suppress the offensive agents. 

It is generally agreed at the present time that such legislation is highly 
inadequate. 

Netherlands 

A local authority cannot issue a permit for the construction of plant 
witKout first consulting the regional Inspector of Works. If the Chief 
Inspector decides that there is a risk of undue pollution of the air, he offers 
a remedy which can then be enforced by the local authority. Any party 
concerned can appeal to the Crown a^inst a decision by the local authority. 
The Crown, on the advice cf the Minister of Social Affairs and Public 
Health, makes the final decision. The Minister is advised by experts, 
including officials from the Inspection of Works Department. 

No specific regulations exists provide against undue air pollution, 
but the authorities concerned may suggest or enforce any action deemed 
n^ssary to prevent undue pollution. Under a Decree of August 1922, 
industrial chimneys must be higheLbj^at least one metrq than the highest 
point of the rOTf^af any building within a radius of fifty metres from the 
axis <rf the chimney. By a Ministerial otder of November, 1932, it was left 
to the discretion of visiting engineer inspectors to fix the height of a chimney 
so that fumes or smoke should not cause any inconvenience in the neigh- 
bourhood of the factory. 

Sweden 

There arc no legal provisions in relation to air pollution. Any pei^n 
suffering damage through pollution can institute a civil action against 
those responsible and may claim d&mages and the taking of measures to 
abate the pollution. Local h^hh authorities have powers to prohibit the 
carrying on of an industrial process if the pollution caused involves obvio^'s 
, detriment to heaUh. Committees have been set up to inquire into the need 
for more stringent regulations. 

Other Coontries 

jstndia (Victoria) 

Under the Clean Air Act of 1957 ^ the emission of dark or dense smoke 
from industrial chimneys is prohibited, with <»rtain exceptions, and no 

« An Act (No. 6125 of 1957) to prbvisiofi for abtttfif the pdlutioa of the air (Cletn 
Air Act, I95T>. Dated 20 November 1957, {Acts o/ FerOament, 1957, 1958. Part II, pp. 
I008-I0I5> (tee Dig, Hlth Let., 1959. 10. 429). 
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new industrial fire-places may be Instatied unless they are as far as practicable 
smokeless. Moreover, the emission of any other air impurities from indus- 
trial fire-places must be minimized, and new industrial fire-places must 
be fitted witTi devices t^arrcst such ir -Purities. The terms " chimney 
" dark smoke '* dense smoke " fire-place " and " air impurities " afe 
defined in detail In addition, a Clean Air Committee is established under 
the Act to investigate problems of air pollution and make recommendations 
to the Minister as to its abatement, with special reference to power stations, 
locomotives, ships, aircraft and vehicles propelled by the combustion of 
fuel. At the executive level, the Commission of Public Health is charged 
with the administration of the Act, and inspectors are granted powers of 
entry, inquiry and inspection. 

Canada (Ontario) 

The 1958 Air Pollution Control Act ^ of the State of Ontario gives the 
Minister and municipalities a variety of powers. The Minister may engage 
in the promotion of research on air pollution problems as well as in the 
framing of control measures. Municipalities are empowered to pass by- 
laws, subject to certain limitations, for prohibiting or regulating the emission 
from any source of any class or type of air contaminant: In particular, 
the Act defines and determines degrees of density, in accordance with which 
the emission of air contaminants may be prohibited or limited for certain 
periods of time by municipal by-taws. Municipalities may '^tso prohibit 
certain combustion operations likely to produce offensive or harmful 
pollution. In addition, subject to certain limitations, they are empowered 
to regulate the installation, alteration, maintenance and operation of struc- 
tures and equipment from which air contaminants may be emitted. In 
order to administer and enforce the policy of air pollution abatement, by- 
laws may be passed for the appointment of municipal officers with powers 
of entry, inspection, inquiry and regulation. 

Alt the proposed municipal by-laws must be submitted to the Minister 
for approval. 

Czedio^irakia 

A decree was promulgated in 1954 ^ for the purpose of controlling atmos- 
pheric pollution, particularly that arising from the emission of dust, soot, 
ash, smoke, fumes and odours. The control measures to be introduced 
are the following: provisioii of suitable ventilation systems in building; 
planning and selection of the means of communication and fuel and power 

* The Air Pollution Control Act, 1958. Dattd 2 March 1958. {The Statutes of Ontario^ 
1958, ch. 2, 8 pp.) (see int. D(g. Hitft< .tg., \ 9 S9 , tO, 489). 

* Decree No. 24 of the Minister of Health of 7 May 1954 on the control of atmospheric 
potlyti<m. iSbirka gckont* rtpMlky Ceskoslovengki, 21 May 1954, No. 14, pp. 85-86) /tee 
/«/. Dig, Hitk Leg'* 1956, 7, 41). 
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supplies least likely to pollute the atmosphere; suppression of atmospheric 
pollution around health and educational estah«-.shments, and in parks, 
health and recreational resorts; the siting < gardens in factory zones, 
residential areas and publk; places in order to purify the atmosphere; 
prevention of the emission of dust alid noxious substances during building, 
demolition, public sanitation and industrial operations. In addition, the 
decree provides for the establishment of protected zones around factories 
and other undertakings causing atmospheric pollution. 

The Hygiene and Epidemic Control Service is responsible for super- 
vising the abatement of atmospheric pollution. Control is exercised 
4hrough regular inspections, which include physical, chemical and bio- 
logical investigation. In this connexion, also, the conitruction of dwellings, 
factories and other estaWishments is subject to the approval of the Hygiene 
and Epidemic Control Service. 

New Zealand 

The 1956 Health Act * stipulates that inspectors with powers of entry, 
inspection and inquiry may be appointed to investigate the situation in 
respect of the evolution of noxious or offensive gases in chemical works. 
Unde r this^Act, thrt>cctipier of any chemical works is required to possess 
effective appliance for the prevention of the escape or dischar^ of noxious 
and offensive gases, or for the rendering of such gases harmless and inof- 
fensive. Also, proc^ses and operations in which such ^ses arc evolved 
must be property supervised. 

Occupiers of fertilizer works and sulfuric acid works must, in addition 
to fulfilling the above r£i»«ifp:iients, ensure that acid gases of sulfur and 
nitrogen evolved in any of the production proiX^s are condensed in such 
a way as may \k prescribed by regulations. 

Schedules specifying those undertakings which falj into the category 
chemical works " and listing the gases termed " noxious and offensive '* 
are attached to the text of the Act. 



CondBskHB 

rhough there have been considerable advance in dealing with problems 
of ?^ir pollution, with many legislative measures adopted in some countries, 
particularly in the United Kingdom and the USA, cx<^ive and often 
unnecessary pollution is prevalent in many iirfustrial areas. The Ic^slative 
measures have not always been effective, partly because they lacfc^ precision 



» An Act (No. 65 of 1956) to coiiiiUMlate wd unend ihe Uw r^tmf to .^Wk l«lth CThe 
lthAct!95fi). Dited 25 Octobef 1956. (7*eSM»/«<!rWrir ^«^»«^ i95^• 
os^l04ft (pul)SS in €xi^ in tn$. Dig. Hlth Leg., 1957, r643. fee in pwticular. 
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and legal action was beset with difficulties, and partly because ther 
has been insufficient public insistence on the mitigation of pollution. In 
the present state of knowledge, complete elimination of pollution is not 
practicable, but there could be much greater improvement than has so far 
been achieved. Such improvement will only be attaint by better legida- 
tion more effectively administered, increasing knowledge telsed on intensi- 
fied research and development work, and a more determined public opinion. 
As new industrial processes are developed and conditions change, modifi- 
cations in legislation and methods of enforcement will be required from 
tiiT'^ to time ; but it must be recognized that no one set of pif ventive measures 
will meet all needs everywhere owing to differences in the conditions in 
various countries and localities. 



H. P. JAMMET, Docteur en Mcdecine ♦ 

RADIOACTIVE POLLUTIOPf-^ ^ 
OF THE ATMOSPHERE 



Radioactive pollution of the atmosphere can be defined as any increase 
in the natural background radiation arising out of human ^vitics involving 
the use of naturally occurring or artificially produced radioactive sub- 
stances. Such atmospheric pollution presents a hazard not only to those 
engaged in radiation work but also to the ^neral public. 

Since the discovery of artificial radioacti\ity and especially since the 
development of the atomic bomb and of techniques of harnessing nuclear 
energy, the chances of radioactive materials being released into the atmosphere 
have multiplied enormously. It is therefore of paramount importance that 
a thorough study should be made of the situation and adequate measures 
taken to ensure that radioactive pollution of the atmosphere remains below 
a level where it may *ndangcr public health. For this purpose it is ii.$t 
n^ressary to examine the potential contribution to atmospheric pollution 
of the various sources of radioactive contamination and then to study the 
properties of each contaminant and its fate after release into the atmosphercr 
With^^is knowlcd^, it ^11 be po^blc to proceed to an a^^ment of the 
harmful effects to be exported in the fields of radiobiology, radioj^thology 
and radiotoxicology and hen^ to derive maximum permissible limits for 
atmospheric pollution. In order thar these limiu shall be respected, an 
effective rjonitoring system must then be introduced and suitable precau- 
tions taken to control the discharge into the atmosphere of radioactive 
materiak. 



Ftcton h?4iiTtd to Radioicfive PcAiilioa d( the AUtasfkm 

The first step in any study of this problem is to draw up a list of sour^ 
of radioactive pollution of the atmosphere. Then a study must be made of 
the quantities of radioactive materials released by each source, the types of 

^ • Chid" of Atomic Hygtene and lUdioptiholof y,* Fitiich Atomic Energy Coimnksioiu 
Furitt Ffmnoe. 
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radiation and the area of dispersion. Finally, the fate of the substances 
after their release into the atmosphere must be known, a complete study 
being made of all the changes that occur up to the final direct or indirect 
impact on man. 

List <rf sources of radkMictiye contaoihuwts 

The most convenient way of listing the various sources of radioactive 
contamination of the atmosphere is to follow the different stages in the 
handling of radioactive substances from their extraction iuuL purification 
until their final application for pe^ful or militar>' purposes. The produc- 
tion of radi oactive substanc es involves mainly heavy industries, such as the 
uianium and thorium min^, metaUurgicsl f^Ktories, nuclear reactors, and 
chemical plants. RadtuniKrlides find a wide vr^riety of applications, ranging 
from their use as tracers or as sources of radiation for m^k:al purposes to 
the production of elortricity, the provision of propulsive power, and nuclear 
explosions. In following the various stages in the manufacture and appli- 
cation of radionuclides, it is of interest to consider the object of each pro- 
cedure, the radioactive wastes which are obtained, and the continuous or 
occasional atmospheric pollution which may result. 

Production of nuclear fuel 

The production of nuclear fuel for subsequent ilse in lectors or for 
nud^ explostons involves the following succe^ive stages: mining of the 
crude uranium or thorium ore; washing and concentration of the x>re in 
preceding i^ants adjacent to the mines so that it can be transported economi- 
cally ; production of ingots of refined uranium or thorium at the metallurgi- 
cal works; and chemical separation of the different isoto pes of uiantum and 
thorium. A ranimon feature of all these operations is that they involve 
only naturally occurring radioactive elements belonging to the uranium and 
thorium families. 

During these production processes, considerable quantities of wastes 
accumulate: in the mines and adjacent processing plants, tliese take the ffrm*^ 
of heaps of solid deads containing a very smaU pen^tage of ore; in the 
metallurpcal works, the le^dues may be solids or sludges and contain all the 
daughter products of uranium and thorium, in particular all the radium. 
The production process may thus be split into two phases, one pra:^ing 
and the other-feUowing the separation of uranium and thorium from their 
daughter products. Each of these phases will make a different contribution 
to atmospheric pollution. 

The phase preceding the separation of unmium and thorium from their 
daughter piodi^ comprises the mining of the ore and the preliminary pro- 
^sstng carried out in the plant adjacent to the mines (washing, con^ntra- 
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tion) and in the metallurgical works (crushing, milling). Atmospheric 
pollution may occur in the course of these operations as the result of the 
release of radioactive gases (radon, thoron), the adsorption of solid daughter 
products of radon and thoron on particles suspended in the atmosphere, and 
the fonnation of dusts from uranium or thori'<m ores. 

The phase following the separation of ura^'ium ami thorium from their 
daughter products comprises the purification of metallic uranium and 
thorium, after passage through various salts or olf:-?r compounds, and the 
separation of uranium and thorium isotopes, which is usually eflfected by the 
gaseous diffusion method. It is characteristic of this phase that atmospheric 
pollution by the radicmctive gases radon and thoron cannot occjr e%C€pt 
when they are evolved by solid wastes or sludges stored near the metallurgi- 
cal works. Pollution resulting from these operations is usually due eliher to 
dusts of uranium and thorium oxides or to ga? us compounds, especially 
uranium fluoride. 

Operation of nuclear reactors 

The nuclear fuels thus obtained are introduced into reactoi^, where three 
noteworthy processes take place: 

(1) Fission processes: the primary fuel is partially transformed into 
secondary fuel (e. g., uranium gives rise ta plutonium) with the simul- 
taneous appearaiK^ of fission products. 

(2) Activation fM'ocesses: stable substances introduce into the channels 
of the reactor are activate by the neutron flux ami imrtially transform^ into 
radionuclides. 

(3) Thermal processes: during the fi^ion and activation process heat 
is geiierat^ necessitating the use of coolant systems; by means of heat 
erchangers, the heat can be converted into other forms o*' energy, parti- 
cularly electricity. 

Radioactive wastes formed during the«e processes are of two types: 
fi^ion products, which remain incorporated in the primary and secondary 
fuels; and extraneous activation prodiictSpJiQund mainly in the coolant. 
Both the fuel elemenu and the coolants are thus potential soun^ of radio* 
active atmospheric pollution. This may come about through the release 
into the atmosphere of radioactive gases^ such as xenon and krypton, pro^ 
duced fission; throu^ the induced activity of atmospheric argon; 
through the formation of radioactive a^t>sols containing primary or ^on- 
dary fuels (uranium, thorium, plutonium); through the release of fission 
products (••Sr, ^^H^, ***Ba, etc.); or throu^ induced activity of ^rious 
kinds. Titus, although atmosphern; pollution with naturally occurring 
radioactive elements may result from the operation of nudear reactors, 
the main risk is from radionuclides product artificially by fission or 
activation. 
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Chemical and metallurgical processes 

The aims of chemical and metallurgical proce^ing of the products 
recovered from nuclear reactors are (a) to separate the primary fuel, thr 
secondary fuel, and the products of fission and activation; (b) to recover 
the primary fuel (uranium and thorium) and convert it into usable metal: 
(r) to extract \hc secomlary fuel (e. g., plutonium) and prepare metallic 
products or chemical compounds fr om it; and {d) to convert the fi^ion and 
activation products into radionuclides for use in industry, researc1i,_and 
medicine. 

The radioactive wastes resultinj from these processes are very important 
since they comprise all the unwanted exc^ fission and activation products 
as well as the activation products derived from impurities. As these wastes 
are produced in large quantities and have a hi^ activity, they pose an 
extremely difficult public health problem, especially as regards their treat- 
ment and storage* 

Fortunately, the risk of atmospheric pollution is relatively small, since 
most of these operations are carried out in the liquid phase. The only hazard, 
therefore, is from volatile substances or liquid aerosols, except for the dusts 
produced during the machining and metallurgical processing ofihe metals 
(uranium, thorium, plutonium, etc.). At all events^ pollution is due almost 
entirely to artificially produced radionuclides, mainly in the form of fine 
particles suspended in the atmosphere. The radionuclides involved are gener- 
' ally alpha- or beta-pmma-emitters with a long half-life. 

Peaceful uses of radionuclides 

The applications of radionuclides in industry, agriculture, medicine and 
scientific research are becoming so extensive that only the principles on 
which they are based can be indicated here. 

One application is the use of se aled sourc es either for gainmagraphy or 
for massive external irradiation (sterilization). Secondly, radionuclides 
may be used in the form of sources, either as tracers in industry, biology or 
agriculture, or for internal irradiation in medicine. Radioactive wastes 
result only from the second type of application. They may be either the 
unused remains of the radionuclides employed, or transformation or ex- 
cretion products, and the quantities involved are small. The wastes may be 
in the form of liquids, solids, or sludges, but are rarely gaseous. Atmos- 
pheric pollution is generally of little significants, except where dispersal 
over a wide area is liable to occur, such as in agriculture, iron and steel 
industries, and oc^nography. The pollutants are usually in the form of 
soluble or insoluble compounds suspended as fine particles in the air, and are 
mostly beta-gamma-emitters having a short or medium half-life. 

A possible future development that must be borne in mind is the use of 
radionuclides as a source of propulsive power. This will raise similar prob- 
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Icms to those presented by a nuclear reactor, but with^^e additional 
complication that the source of contamination will be mobile. 

Nuclear tests 

There is one other source of radioactive pollution of the atmosphere— 
namely, tests of nuclear explosives. These are of two typttV^ 

(1) those based on fission processes, employing ^^V or *^Pu; 

(2) those based on fusion reactions, employing light nuclei (hydrogen or 
lithium). 

The explosion takes the form of a non-moderated chaiit reaction, in the 
course of which a very large neutron flux appears, capable of rendering the 
surrounding matter radioactive. The radioactive products released in such 
an explosion thus comprise: unused explosive C*^U and ***Pu), fission pro- 
ducts formed from these explosives (^Sr, ^^Cs, etc.), and activation 
products formed by neutron bombardment of elements present in soil or 
water C*Ca, "Na). 

The force of the explosion and the very considerable rise in temperature 
that accompanies it convert these radioactive substances into gases or else 
ej«n thein high into the atmosphere in the form of more or less fine particles, 
the height attained being greater for fusion bombs than for fission bombs. 
The imm^iate result is thus a primary pollution of the atmosphere at the 
site of the explosion. This is followed, however, by a secondary pollution 
due to radioactive fall-out. The distance covert by the particles of radio- 
active material will vary with the height to which they are ejects and with 
their size. They will eventually settle out or be carried down by rain and 
become dispersed over the surface of tl» ground. In this way, poUution is 
produced at points more or less remote from the site of the explosion and after 
varying periods of time, depending on the type and power of the bomb. 
After a certain time has elai»cd, the-principal contaminants remaining arc 
•«Sr and ^"Cs. 

Qoifltitatife and qyaHtatif e a^ects of foItatioD 

The importance of radioactive poUution of th& atmosphere must be con- 
sider^ in relation to the resulting hazard. This depends not only on the 
actual level of pollution but also on the toxicities of the radioactive substan«s. 
In addition, it is necessary to take into account the area of dispersal ai«l the 
frequency with which the release of radioactive materials occurs. 

Level of radioactive pollution 

From the quantitative asp^, it is useful to consWer both the total 
quantity of radioactive material released into the atmosphere, expre^cd in 
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curil^jg^d the concentration per unit volume of air, expressed, for example, 
in curies per cubic metre. It is evident that quite targe quantities of radio- 
active substances may be present in the atmosphere without constituting a 
hazard, provided that the specific activity per unit volume of air is sufficiently 
low. This is, in fact, the principle underlying the method of^dispersal for 
the control of atmospheric pollution. Thus, the relatively large amounts of 
radioactive substances discharged from the tall chimneys of nuclear reactor 
installations result in only a low atmospheric concentration of radioactive 
substances in the neighbourhood. On the other hand, in a mine gallery, 
where the volume of air is very limited, even small quantities of radioactive 
materials are sufficient to produce a dangerous concentration. 

Toxicities of radioactive pollutants 

Neither the total quantity of radioactive material released nor the concen- 
tration per unit^volume of air provides in itself a sufficient indication of the 
dangers involx^ ^nce radionuclides vary widely in toxicity. For this reason, 
atmospheric pollution by the rare gases (e. g., **A) which are ':)eta-gamma- 
emitters does not constitute a seiious hazard, even when the activity is 
considerable, whereas pollution by alpha-emitters (daughter products of 
radium, or ptutonium) may be dangerous in quite low concentrations. This 
explains why atmospheric pollution is much te^ dangerous in laboratories ' 
handling fission products than in mine workings and factories engaged in the - 
refining of uranium and ptutonium. The danger is still less iti laboratories 
employing radionuclides with a short hatf-tife, such as ^^P or ^^^\. 

Area of pollution 

Even with a knowledge of the concentrations of radioactive substances in 
the atmosphere and thetr toxicities, it is still not possible to form a final 
assessment of the hazards resulting from atmosoheric pollution. A factor of 
particular importance i^ the area affected by the pollution. Obviously, the 
larger the number of persons exposed to contamination, the greater is the 
risk to public health. As will be seen later, in fixing maximum permissible 
levels for radioactive pollution of the atmosphere a distinction is made be- 
tween workers subject to occupational exposure and the general public, 
because^rtain serious hazards, such as the induction of genetic mutations, 
attain an overriding importance as soon as lar^ populations are involved. 
Areas of atmospheric pollution may be ^aded as follows: 
Local pollution. This implies that pollution is confin^ t^ the are? imme- 
diately surrounding the site of emission of the radioactive substances. 
ExampH a*- mine galleries, metallurgical laboratories producing uranium 
or pk' and laboratories employing radionuclides in the gaseous 

phase lie workers on the spot are liable to be exposed to contami- 

nation it the numbers involved are small. This is one of the reasons 
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why work may be permitted under such conditions, provided that suitable 
precautions are taken. 

Regional pollution. This term is applied to radioactive pollution extend- 
ing beyond the immediate surroundings of the industrial establishment. The 
area affected u*;uaily has a radius of several kilometres. Examples are 
atomic power stations and establishments for the production of radicv 
nuclides. The height of the factory chimneys is so calculated that the dis- 
persal of racioactivity is sufficient to ensure a final concentration below the 
danger level. In these cases, both the employees working at the nuclear 
installatfon and the population of the surrounding areas are liable to be 
exposed to atmospheric pollution. In general, the number of persons affected 
does not amount to more than a few thousand, while secondary contamina- 
tion of the soil, vegetation, and animals occurs only Over a restricted area. 
Nevertheless, the possibilities of regional pollution should be borne in mind 
when selecting nuclear reactor sites. 

General pollution. The peaceful uses of atomic energy can only lead to 
general atmospheric pollution through the ad'litivc effect of a lar^ number 
of sources of regional pollution, such as might occur if there were a vast 
increase in the exploitation of nuclear energy. On the other hand, tTie 
atmospheric pollution brought about by nuclear tests is not only very great 
in the areas adjacent to the site of the explosion but is detectable all over 
the world. Radioactive fall-out, consisting mainly of and *^'Cs, occurs 
over a wide area and a long period, the radioactive deposits findint^heir^vay 
into the food chain. Thus the danger lies less in the degree of activity, 
which is relatively small, than in the extent of the polluted area. 

Frequency and duration of pollution 

it is rare for atmospheric pollution to be a constant or regular pheno- 
menon. In the m^ority of cases, considerable fluctuations occur. It is use- 
ful to distinguish between continuous, accidental, and occasional pollution. 

Continuous pollution. Most of the operations already referred to, 
whether they take place in uranium mines, nuclear reactors, chemical or 
metallur^cal works, lead to contin lus pollution of the atmosphere. In 
certain cmcs, the pollution is rcmi .ably constant, e. g., the operation of 
nuclear reactors having closed-cycle coolant systems is accompanied by 
small losses of coolant which lead to steady pollution of the atmosphere. 
On the other hand, th'' pollution arising from certain other types of radia- 
tion work, although continuous, may be subject to large fluctuations. In 
uranium or thortum mines, for example, the degree of contamination varies 
considerably, depending upon whether a new gallery is being drilled, blasting 
is in p rogress, or the ore merely being carted away. Under such conditions, 
it is often difficult to make a correct assessment of the average radioactive 
pollution over a given period of time. 
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Accidental pollution. The public health worker must concern himself not 
only with the continuous pollution of the atmosphere arising in tbe normal 
course of radiation work but also with the possibility of accidental pollution 
caused by the faulty operation of the installations concerned. Although the 
possibility of such accidents is practically excluded for uranium mines, it 
must be anticipated in the case of chemical and metallurgical works and still 
more so in the case of nuclear reactors. In fact, fracture of the closed-cycle 
coolant system in a nuclear reactor may cause a sudden, massive pollution of 
the atmosphere with activation prod* cts formed in the coolant. Only 
relatively low activities are involved, however, and the radionuclides released 
are not usually very toxic. More serious accidents may occur if the nuclear 
fuel takes fire. This leads to pollution by very toxic radionuclides, such as 
Plutonium and fission products. Moreover, the quantities of radioactive 
materials released may be considerable and capable of polluting the atmos- 
phere over a wide area around the installation. This is a possibility which 
has to be taken into account when selecting sites for certain nuclear reactors, 
and it also createsaproblemthatwillmeritattentioninthcfutureifsmallmobile 
reactors are developed which can be used to provide nuclear propulsion. 

Occasional pollution. This may arise as the result of isolated experiments 
or tests, e. g., in the use of radioactive tracers in the iron and steel industry, 
or in agriculture. The hazards of such pollution must be considered in 
relation to the frequency with which the releases of radioactive substances 
occur. This also applies to nuclear tests, but in this connexion it must be 
pointed out that the pollution is ''occasional" only close to the site of the 
explosion. In spite of the fact that the nuclear explosions take place only at 
intervals, the general pollution of the atmosphere takes on a permanent 
character owing to the long-term radioactive fall-out, although there may 
be fluctuations in intensity depending on the meteorological conditions and 
especially on rainfall. 

Fate of the rtdioactire coataniiuuits present in the ntmospheie 

It is important to study the fate of the radioactive contaminants aftei their 
release into the atmosphere, since on this will depend the final consequences 
bf atmospheric poll ution for man and his environment. The course of events 
is governed partly by intrinsic factors related to the nature of the contaminants 
and partly by extrinsic factors dependent upon the state of the environment. 

Intrinsic factors 

The properties of radioactive contaminants may be classified in two main 
groups— physicochemical properties and specific radioactive properties. 

PhyjiCQchemical properties* Every radioactive contaminant comprises a 
Vehicle of the radioactivity which has certain characteristic physical and 
chemical properties. 
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This vehicle may be present in a variety of physical forms and may be 
composed of single atoms in the case of the rare gases, of molecules of more 
or less complex chemical compounds, or of aggregates of molecules. Two 
physical forms are particularly interesting— namely, the gaseous and Ihe 
particulate. Radioactive gases and vapours diffuse very readily and behave 
very much like air in the subsequent course of events, particularly after inhaU 
ation by man. The particles in suspension in the air may be present in the 
form of liquid or solid aerosols. It is clear that any physical events affecting 
these aerosols, such as diffusion, sedimentation, absorption, or adsorption, 
will be conditioned by certain properties related to the dispersed state, in 
particular the particle size. 

The chemical nature of a radioactive compound likewise iniuences the 
fate of the radioactive element of which it is the more or less temporary 
vehicle. During subsequent chemical reactions, the chemical affinities of the 
radionuclide itself become the predominant factor in determining its ulti- 
mate fate. All too often, it is only these chemical affinities which receive 
consideration, whercas, in fact, tlie properties of the material vehicle of the 
radionuclide — especially its solubility — are at least equally important. The 
fate of ^^P, for example, may be totally different, depending upon whether it 
' is present in the form of a colloidal phosphate, an insoluble phosphate, or a 
soluble phosphate. 

Radioactive properties. These influence the fate of the radionuclide only 
at a secondary stage. The main characteristics are decay of the radionuclide 
and the acx^ompanying emission of radiations* 

Broadly speaking, the decay of radioactive elements is governed by an 
exponential law. Each radionuclide has a characteristic decay constant, 
which is usually expressed in terms of the half-life, i. e., the time necessary 
for half the atoms to decay. This period may range from a few seconds to 
hundreds of thousands of years. It follows that, in the case of a radio- 
nuclide with a short half-life, the radioactivity rapidly dies out by itself, pro- 
vided thai no fresh pollution occurs; whereas, if the pollutant has a long 
half-life, radioactive pollution may remain practically constant, other things 
being equal. Radioactive elements can emit three types of radiation: alpha 
rays carrying a positive charge, beta rays carrying a negative charge, and 
electromagnetic gamma rays. The energy of this radiation may vary from 
a very low value to several million elytron-volts. The efTect on living 
organisms depends largely on the type of radiation emitted, especially on its 
penetrating power, which is weak for alpha rays, medium for beta rays, and 
strong for gamma rays. 

Environmental factors 

The fate of radioactive contaminants is also influenced by environ- 
mental conditions. These may be placed in tw^ ^ groupi, namely — conditions 
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related specifically to the atmosphere, and conditions of a bread ecoiogicai 
nature. 

Atmospheric conditions. In order to determine what changes wili take 
place in atmospheric pollution a knowledge of the atmospheric conditions 
is essential. These conditions will affect the rate of diffusion of the radio- 
active contaminants, the turbulence to which they are subject, and the rate 
of sedimentation and deposition. In particular, the area over which the 
pollution will spread and the degrtt of uniformity attained in the concen- 
tration of radioactivity will depend on atmospheric conditions. It is con- 
venient to consider these conditions from the point of view of (1) confined 
spaces, such as working premises, and (2\ the open ^ir. 

(1) Confined spaces. The conditions of siagnaton, renewal, or turbu- 
lence of air in a confined spac^ must be known before it is possible to assess 
what changes are likely to orcur in radioactive pollution. There are great 
differences between the relatively calm air of a chemical laboratory, the 
frequently renewed air inside the buildings of metallurgical works, and the 
turbulent air in the galleries of a uranium mine. In the chemical laboratory 
the conditions favour the settling out of the contaminant on the floor and 
walls, whereas in the turbulent air conditions of the mine gallery settling is 
prevented and the particles are maintained in suspension: 

(2) Open air. In the open air, the decisive factors are the meteorological 
conditions, particularly the speed and direction of the wind, the humidity, 
and temperature gradients. It is useful to consider separately the effects of 
these conditions on regional pollution and on general pollution. 

The changes that take place in the radioactive pollution of the atmos- 
phere in the neighbourhood of a nuclear reactor are governed regional, 
e., micro-climatic, conditions. In particular, it is necessary to have an 
accurate knowledge of the prevailing winds and of the frequency of tempera- 
ture inversions. In selecting sites for the erection of atomic installations, it 
is on the basis of these meteorological factors that an assessment should be 
made of the hazard to the local population from permanent or accidental 
radioactive pollution. * 

On the other hand, in the study of the general pollution of the atmos- 
phere caused by nuclear tests, the climatic conditions must be considered on 
a global scale. The dispersal of the radioactive products in the upper layers 
of the stratosphere is tantamount to general diffusion; passage from the 
stratosphere to the lower layers of the atmosphere takes place according to 
laws which are still imperfectly known. It is only in the lower layers, where 
the atmospheric disturbances are best known, that it is possible to study 
the fate of the radioactive contaminants, particulariy in relation to rainfall. 

Ecological conditions. Radioactive pollution of the atmosphere is in- 
evitably followed by an exchange of radioactive contaminants with the biolog- 
ical environment. This exchange may take pla(^ either directly or indirectly. 
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Many living organisms can become directly contaminated on inhaling 
air polluted by radioactive substances. This is true of all air-breathing 
animals, particularly man. Contamination occurring in this way is 
characterized by the fact that the secondary concentratioh of radioactive 
substances inside the body depends only on the selective power of fixation of 
organs for which the radionuclides show a special affinity. Apart from 
exceptional cases, the concentrations attained are relatively low. 

On the other hand, in the case of indirect contamination, the contaminat- 
ing radionuclide may follow an extremely complicated path, passing ri^t 
down the food chain. Atmospheric pollution is naturally followed by 
deposition of the contaminants on the ground or on surface water. Tte 
radioactive substances penetrate more or less deeply into the soil which 
may serve, at least temporarily, to filter out the radioactivity. On the other 
hand, water, if sojondarily conUminated, generally acts as a m^um for the 
spread of radioactivity. 

The contamination is pass^ on to vegetation and animals, which draw 
their nourishment from the soil and water. The fate of the contaminant will 
depend on the t^olo^l cycle peculiar to each or^nism as well as on suc- 
cessive exchanges between the vegetable and animal, species. During these 
exchanges, secondary concentrations— often high ones— will be produced in 
certain organisms. Thus the specific radioactivity of seaweed may easily be 
1000 times that of the water surrounding it, and in the case of plankton, the 
concentration factor may reach 5000. It is evident that in aquatfc animals 
feeding on these or^nisms, the concentrations may |)ecome still higher. 
Generally speaking, land plants tend to concentrate nijUoactivity more in 
the leaves and stems than in the s«ds. This is a factd^ which is to the dis- 
advantage of herbivorous species as compared with those which live on 
grain or fruit. 

In the case of man, the varied diet which he erij^.ys multiplies the sources 
of contamination. At present, milk must be considered one of the principal 
vehicles of indirect contamination in European countries. This explains v^hy 
the bones of children, who have a pr^ominantly milk diet, exhibit a higher 
">Sr content than the bones of adults. 

Man is at the end of the chain of reactions and interactions undergone 
by radioactive contaminants. There are two main routes by which the 
resultant final irradiation of the body is brought about: 

(1) direct, arising either from exposure to the radiations emitted by radio- 
active gases or suspend^ dust, or from radioactive contamination of the 
skin or respiratory tract; 

(2) indir^t, arising from internal contamination through the digestive 
tract, after the passage of the radioactive contaminants through the food 
chain. 

Direct exposure or contamination of the first type occurs only where 
there is an occupational hazard or in the immediate neighbourhood of 
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nuclear reactors, whereas indirect contamination of the second type involves 
whole populations. 

Effects erf Rafioacthre Pollatkm pt tkt Atmosphere 

In a consideration of the effects that radioactive pollution of the atmos- 
phere may be expected to produce on man and his environment^ the effects 
on man are obviously of the greater interest. The first part of this section 
will therdbre be devoted to radiotoxicology^ and the remainder to the funda- 
mental question of establishing maximum permissible doses of radiation. 

Raiiotaxicology 

Basic principles of radiobiohgy 

To facilitate understanding of the effect'* of radioactive pollution of the 
atmosphere, it is necessary to recall briefly the bask: principles governing the 
biological action of ionizing radiations. 

Every radiobiological eff^ is due to the transfer of energy from radia- 
tion to living matter. The most important factors in establishing cause-and- 
effect Felationshi|» between exposure to radiation and its sequelae are as 
follows: 

QuarUity of energy set free. It is clear that the biologiii^al effect obtained 
depends on the amount of energy set free in th. t^sues. However, the 
relationship is not nece^rily a linear one. Furthermore, this single quanti- 
tative asp^t is not sufficient to explain all the observed facts. 

Topographical distribution. The topographioil distribution of the energy 
set fr^ in the body is an essential factor, sim^ the same amount of energy 
may have completely different efl^s according to whether it is concentrated 
at a single point or dispersed throughout the whole body. 

Time factor. In certain cases, but not in all, the period of time over 
which the energy is transferred to the body plays a decisive role, the effects 
produced by a given amount of energy being smaller the longer the period 
of time involved. 

Type of radiation. For the same amount of energy released under the 
same conditions of space and time, different types of radiation may have very 
dissimilar biological eff^ts. Generally spiking, the relative biological 
effectiveness of any given type of radiation is a function of the ionization density 
of its constituent particles (e. g,, alpha mys are more toxic than beta rays). 

Nature of the tissues. Other things being equal, the same amount of energy 
set free in two different types of body-tissue may bnng about dissimilar 
effects. 
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The tissues vary in their sensitivity to radiation, the most sensitive being 
called critical tissues or organs (blood-forming organs, digestive mucosa, 
skin, gonads). 

It follows from these considerations that the concept of "exposure dose" 
is a complex one and must be related to a certain quantify of energy set free 
in a given volume during a given time, the nature of the incident "idiation 
and the tissue irradiated being also specified. 

The unit employed to express the dose absorbed is the "rad", correspond- 
ing to the liberation of 100 ergs per gram of substance irradiated. Taking 
Into account the nature of the incident radiation the dose absorbed may also 
be expressed in "rem"; this value is obtained by multiplying the dose 
expressed in "rad" by the relative biological effectiveness of the radiation 
concern^. 

Basic prim iples of radiopathology 

Radiopathology is the study of the adverse effi^ts of ionizing radiations 
on health. These pathological effects are subject to the same laws already 
described for general biological effects of radiation. They exhibit certain 
general charaaeristics which may be usefully considered here. 

Polymorphism, Exposure of the body to radiation may give rise to an im- 
mense variety of biological effects: functional disturbances, such as erythema 
or glandular hyposecietion; morphological changes, such as fibrosis of the 
connective tissues or anaemia; cancers, such as epithelioma, sarcoma or 
leukaemia; shortening of the life-span and premature aging; and genetic 
defects. These disturbances are generally divided into somatic effects, which 
appear in the irradiated individual himself, and genetic effects, which 
appear in his descendants. 

Latency of the manifestation. One very general characteristic of the eflccf s 
mentioned above is that there is a more or less long latent period bdbre they 
make their appearance. In certain cases of acute exposure, this latent 
period may be no more than a few days or a few hours, whereas in sub- 
acute cases it is of the order of a few w^ks. As regards carcinogenk: effects, 
several years or d^des may elapse bttween the time of exposure and the 
appearand of can<^r. This delayed effect is even more marked in the field 
of ^netics; although def^ts involving dominant genes may appear even in 
the first generation, those involving receive genes are spread over scores of 
generations. It is customary to distinguish betw^n eariy effects (benign 
functional or morphological changes) and late effects (shortening of the 
life-span, production of cancers and genetic mutations). 

Probability of appearance The prolmbility of the appearance of pathologi- 
cal changes alter a given dose of radiation is dependent on dose-effect 
relationships. In the case of functional disturbance and benign lesions 
there isalmost always a threshold dose oelow which no symptoms appear. On 
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the Other hand, even very weak doses may produce shortening of the life-span, 
and a significant increase in leukaemia and genetic mutations, the frequency 
of these effects increasing with the dose received. Indeed it has now been 
established that, at least within certain limits, there is a linear relationship 
between the dose absorbed and the eflfect obtained. 

Reversibility. In the vast majority of functional disturt^nces and benign 
morphological changes, the cells and tissues are capable of partial or com- 
plete recovery; in particular, in the case of chronic exposure leading only to 
mild functional disturbances, it is possible to envisa^ complete r^:overy if 
the dose rate is sufficiently low. On the other hand, as a rule, only partial 
recovery is po^ble after morpholo^cal changes, while cancerous changes 
and genetic mutations su-e invariably irreversible. 

Transmissibility. Transmissibility is the e^ential characteristic of the 
defects associated with gene mutations. However, transmissibility may also 
be found as a cellular phenomenon^ especially in the case of cancer. On the 
other hand, functional disorders and benign morphological lesions are not 
transmissible. 

These general characteristic un(teriine the gravity of the pathological 
effects of radiation. The most serious diseases are ihosc which are irre- 
versible and transmissible, the absence of a threshold dose and the pro- 
longed la^t period considerably increasing their disquieting nature. 
Functional disturbances and morphological changes, such as skin bums and 
severe anaemia are often much more striking to the layman than, for example, 
leukaemia ^netic mutations, but it is the tetter that present the most 
serious public health hazard. 

Types exposure 

There are two major types of irradiation of the body; exposure to 
radiation from distant sour^, and contamination by radioactive substances 
which cpme into contact with the skin or find their way inside the body. 

Both types of exposure may result from radioactive pollution of the 
atmosphere, but in very different degrees. 

Exposuie to external radiation can occur only in the case of pollution by 
radionuclides emitting gamma rays, each radioactive atom in suspension in 
the air constituting a source of external expc^ure. Examples of such external 
sources are solid decay products of rador4 in suspension in the air and radio- 
active gases, such as ^^A. 

The most serious hazard, however, is from radioactive contamination. 
This may be either external or internal. 

External contamination arises when radioactive particles suspended in 
the atmosphere are deposited on the surface of the skin. This may result in 
cutaneous irradiation; in whole-body irradiation in the case of gamma- 
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emitters; or in internal contamination via the respiratory or digestive tract 
when the particles do not adhere very firmly to the surface of the skin. 

The respiratory route is the direct one and by far the commoner and 
most important. The digestive route is indirect, and is the one followed 
after secondary contamination of foodstuffs or sometimes after cutaneous 
or respiratory contamination. Internal contamination through the skin is 
exceptional and usually follows injury. 

Generally speaking, persons engaged in radiation work will bcsul^^tto 
a different type of exposure from the population at large. They will be parti- 
cularly liable to skin and respiratory contamination, whereas the main 
hazards for tte general population are from direct exposure to radioactive 
substances in the atmosphere and from indirm contamination via the digest- 
ive tract. These hazards, however, remain considerably lower than those 
to which radiation workers are exposed. 

Metabolism o f radioactive substances 

Radiotoxicology is dominated by the metabolic fate of the contaminants 
within the body, af^rt from the relatively rare cases of whole-body exposure 
to an external source (environmental ^mma-radiation). 

Jn the case of radioacti^^ contamination, the effects depend on the routes 
of entry of the radionuclides and on their distribution and fixation within 
the body, as well as on the mode of elimination. It has already been shown 
that, in addition to ordinary physical and chemical properties, the radio- 
nuclides have special properties depending on the instability of the nuclei— 
in particular they undergo decay and emit radiation of a certain type 
and energy. It is clear that the metabolic fate of the radionuclides will 
depend exclusively on their ph>^icochemical properties, whereas the 
pathological conseque^iccs will depend on their radioactive properties. 

In asse^ing the dose absorbed by the body, it is necessary to bear in 
mind not only the amount of radionuclide introdu^d, but also tlw distri- 
bution of the radiation over the body and the duration of exposure, as 
well as the nature of the rays emitted and the sensitivity of the tissues 
involved. 

As concerns the space-time distribution of the radiation, the phenomena 
are complex, involving the whole range of properties of the radionuclide 
concerned. 

Thus, the primary topographical distribution is related to the physical 
form and chemical affinity of the material vehicle of the radioelement— for 
example, insoluble aerosols settle in the respiratory mucosa whereas gases 
or soluble producu spread throughout the body and become fixed to organs 
for which they have a preferential affinity. 

Superimposed on this primary distribution of the radioactive sources 
is a secondary distribution, which is dependent on the nature and energy of 
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the particles emitted— for example, very short-range irradiation of a few 
microns in the case of alpha-emitters, local irradiation of a few millimetres 
in the case of beta-emitters, regional or general irradiaiiou in the case of 
gamma-emitters. Similarly, the duration of exposure to the radiation is 
dependent primarily on the physicochemical properties of the radionuclide, 
which may be evaluated, as a first approximation, in terms of biological 
half-life". This is the time n'^'^essary for half the radionuclide to be eliminated 
from some given organ or froni >^ whole body. By way of example, those 
elements having a rapid turnover, such as phosphorus and sodium, may be 
contrasted with elements remaining in the body for a long time, such as 
strontium and plutonium. S^ondly, the duration of exposui^ depends on 
the rate of decay of the mdionuclide, which is normally characterized by its 
half-life, i. e., the time necessary for half the radioactive atoms to decay. 
Here again, radionuclides with a short half-life, such as **Na and **P, may 
be contrasted with those having a long half-life, such as •^^Sr and ^Pu, 

The interaction between physicochemical and radioactive properties 
finally results in a complex topographical distribution of the radioactivity 
over the body and in a duration of exposure which is expressed as the 
"effective half-life"— the resultant of the biological and radioactive half- 
lives. 

Toxicological classification 

From the preceding considerations it follows that, for toxicological 
purposes, the radionuclides can be classified in accordance with the extent 
and seriousness of the injuries which they cause. In a perfect classification, 
the comparative toxicitie^of the i^dionuclides would be rank^ in relation 
to the physicochemical form in which they occur. However, work on this 
question has only just begun, and toxicological classification is in most cases 
based only on the radionuclides in a soluble, readily assimilable and 
diffusible form. 

The relative toxicities of the radionuclides depend Both on their physico- 
chemical and their radioactive properties, i. e., on their chemical affinities, 
fundamental metabolic efft^ts, biological half-life, radioactive half-life, and 
the type anu ener^ of the radiation emitted. It may be said that, in general, 
the most dangerous radionuclides are those that have, in addition to a 
selective affinity for particularly radio-sensitive tissues, long biological and 
radioactive half-lives, f^rticularly those emitting mdiation with a high 
ionization density. Thus, "Na and have relatively low toxicities because 
they distribute themselves in a relatively uniform manner throughout the 
body, their biological and radioactive half-lives are short, and they are beta- 
emitters. On the other hand, •^r and *^Pu are very toxic, because they have a 
selective affinity for the bones, exposing the particularly vulnerable bone 
marrow to radiation, while their biological and radioactive half-lives are long. 



RADIOACTIVE POLLUTION 



397 



Furthermore, Plutonium, being an alpha-emitter, is even more toxic than 
strontium, which is a beta-emitter. 

Maximain pennissible doses 

The first task facing public health authorities is the establishment of the 
maximum permissible levels of radioactive pollution of the atmosphere. To 
facilitate understanding of the problem, the general question of establishing 
maximum permissible doses of radiation will be considered first; the fixing 
of maximum permissible levels for radioactive pollution of the atmosphere 
can then be dealt with merely as a special case of exposure to radiation. 

Fundamental considerations 

. he first question to be decided before maximum permissible doses can 
be fixed is whether even small amounts of radioactivity caQ be considered 
harmless, tolerable or permissible. The an*- ' to this question will depend 
upon whether the somatic or genetic effects of the mdiation are being con- 
sidered. 

Somatic effects. From this point of view, radiation may be accepted as 
tolerable if no adverse ^ects become apparent during the lifetime of the 
individual exposed to it. In the case of revcBible and non-transmissible 
effcctsappearing only above acertain threshold dose, the expectation of natural 
recovery makes it possible to envisage a maximum permissible level of radia- 
tion corresponding to the threshold dose. On the other hand, in the case of 
irreversible effects, partKularly those for which there is no threshold, there 
can be no permissible level of radiation and one is forced to apply the same 
arguments as developed below for genetic effi«:ts. 

Genetic effects. In view of the irreversibility and transmissibility of 
these changes end, esp^ially, since there is a linear relationship between 
dose and effect, radiation nearly always leads to genetic damage. Neverthe- 
less, it is possible to consider the genetic effects as tolerable if, on the one 
hand, the rate of spontaneous mutations is increased only to a small extent 
and, on the other, only a small fraction of the population is exposed to the 
radiation. 

Methods of establishing maximum permissible levels 

Thus, maximum permi^ible levels of radiation may be defined in two 
ways: {a) by fixing the maximum pennissible threshold dose corresponding 
to the appearance of benign somatic eff«:ts; and {b) in the case of cancer 
or genetic mutations, by comparing the increase in the rate of appearance 
with the spontaneous rate or with other risks of modem life. 

The first method is the one generally used by the International Commis- 
sion on Radiological Protection in establishing maximum permissible levels 
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for occupational exposure, i. e., levels of radioactivity that are considered 
incapable of causing any appreciable injury to radiation workers during 
their lifetime. 

The second method serves as the basis for establishing maximum per- 
missible levels for the population at large, i. e., levels of radioactivity which, 
in the opinion of the Commission, will cause only a neglirlbie incidence of 
leukaemia and genetic mutations. In this context, "negligible incidence'' 
must be taken to mean an incidence of the same order as that of naturally 
occurring leukaemias and mutations. 

In fixing maximum permissible levels of radiation, three types of data 
can serve as a basis: the levels of natural background radiation; the results 
of animal experiments; and observations in man. 

(1) Natural background radiation. Man has always been exposed to 
background radiation from cosmic rays and from radionuclides present in soil 
(uranium, thorium), water (radium) and the atmosphere (radon), as well as 
in the interior of the human body («K and "C). It may be estimated that 
the world population is permanently exposed to a background radiation of 
between 100 and 150 mrem per year, with local or seasonal fluctuations. 
This dose may therefore serve as a basis for fixing maximum permissible 
levels for the general public. 

(2) Animal experiments. Innumerable data on the somatic effects t>f 
ionizing radiations have been derived from animal experiments, particu- 
lariy on mammals. Data have also been obtained on the induction of 
cancer and genetic mutations, but these results are more difficult to interpret, 
although they at least make it possible to define more and more accurately 
the dose capable of doubling the frequency of such events. Great caution 
must be exercised, however, in extrapolating these finding to man. 

(3) Observations in man. Data derived from observations in man are 
of great importance. Such observations may be made on: patients treated 
by radiotherapy or radioisotopes; workers exposed to ionizing radiations 
or poisoned by radioactive substances, especially radium; and victims of the 
atomic bomb explosions at Hiroshima and Nagasaki. In many cases, the 
findings confirm the results of animal experiments. 

Absolute values for maximum permissible doses 

The International Commission on Radiological Protection has established 
maximum permissible doses of radiation which are valid for any type of 
exposure lu external radiation or to radioactive contamination. These 
values are expressed in rem. They have been established initially for occu- 
pational exposure, taking account mainly of somatic effects. The maximum 
permissible weekly dose for a radiation worker has been fixed at 0.3 rem. 

To allow for ^rtain somatic risks (shortening of the life-span, induction 
of leukaemia), the maximum permissible total dose for a whole life-time has 
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been fixed at 200 rem, corresponding to 5 rem per year or 0. 1 rem per week 
for continuous exposure. Furthermore, to minimize the hazard of genetic 
efr-::ts, it is recommended that no worker should be exposed to more than 
50 rem before the age of 30. 

These values ^pply to continuous exposure. In the case of occasional 
exposure, a tolerance factor of 10 has been adopted, raising the maximum 
permissible dose to 3 rem, on condition that this dose is not exceeded for any 
13 consecutive weeks. 

These values apply to whole-body exposure. For partial exposure, a 
tolerance factor of S has been allowed, except in the case of certain parti- 
cularly sensitive organs. 

Finally, on the basis of observations made in cases of radium poison- 
ing in man, it has been possible to establish directly that the maximum per- 
missible body burden in the case of radium is 0. 1 ^. 

All these maximum permissible doses apply to occupational exposure. 
Where the population at large is concerned, greater stringency is recommend- 
ed. If only a small fraction of the population is at risk, the values given 
above may be divided by 10, but if the whole population of a country, or 
a large part of it, is liable to exposure, it is recommended that the maximum 
level of artificial radioactivity should be of the same order as the natural 
background. 

Practical values for maximum permissible doses 

It is difficult in practice to measure radiation exposure directly in rem. 
The limits usually prescribed are therefore based on a different type of 
measurement, although they must, of course, respect absolutely the maximum 
permissiUe doses given above. These limits are derived by employing a 
factor known as the relative biological effectiveness, the basis of reference 
being an X-radiation of precisely defined characteristics. In the case of 
radioactive contamination, the determination of maximum permissible 
values is based on the following principles: 

(1) The values are calculated with reference to a ''standard man'\ i. e., 
an average man weighing 70 kg, having a body of precisely defined chemical 
composition, breathing 20000 litres of air each day, ingesting 2K litres of 
wuter ^Hwh day, eliminating the same amount, and so on. Furthermore, for 
each radionuclide the critical organ or organs are determined, i. e., the 
tissues or organs irradiation of which carries the greatest risk to the health of 
the individual 

(2) In the case of internal contamination, the radiation to the critical 
organ from the absorbed radionuclide should not exceed the raaximum per- 
missible dose determined as described above and expressed in rem per 
unit of time. This applies to the vast majority of radionuclides, with 
the exception of bone-seeking alpha-emitters, for which the maximum 
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permi'*<!ible body burden isdctermined from a direct comparison with radium. 
The mi-ximum permissible body burdens of the principal radionuchdes, estab- 
lished in this way, are expressed in \ic. 

(3) In the majority of cases, however, direct m v . the concen- 

tration of radionuclides in the body is not possible lercrore necessary 

to establish maximum permissible concentrations for the environment, where 
t ie level of radioactive contamination can be measured directly. For this 
purDOse, the leve! of internal contamination is considered as constant, a state 
of equilibrium being reached between absorption and elimination. It is 
possib^f' to calculate the daily intake of radionuclides through the digestive 
or respiratory tract necessary to maintain this equilibrium. From this 
value, the maximum permissible concentrations of the radionuclide in drink- 
ing water or inhaled air can be deduced. This has been done for the principal 
radionuclides, the concentrations being expressed in (xc/mL 

Acceptable limits for radioactive pollution of the atmosphere 

The establishment of maximum permissible limits for radioactive pollu- 
tion of the atmosphere is thus seen to be a special case of the genei^l jsroblem 
just discussed. For the principal radionuclides, maximum pcrmisSble con- 
centratirns in air, expressed in fic/ml, have b^n established by the Inter- 
national Commission on Radiological Protection. The table reproduced in 
the annex is based on recommendations adopted at a meeting held in 
Geneva in 1956. The following comments may be made regarding the 
establishment of these limits and the utilization of the table. 

(1) In fixing these limits, certain assumptions were made, depending on 
the type of radioactive pollution. 

In the case of pollution by rare gases (^^A) it is assumed that only 
exti nal exposure to the surrounding cloud is involved, the whole body 
constituting the critical organ. 

In the case of pollution by particulate matter, it is assumed that 25% of 
the particles are exhaled again, 50% deposited in the upper respiratory tract 
and subsequently swallowed, and 25% deposited in the lungs, from v/here, if 
the substances are soluble, they are absorbed into the body. 

In the event of soluble radioactive sutetances being inhaled, it is assume 
that the critical organ may be either the lungs, or an internal organ in which 
the radionuclide, after having been distributed throughout the body, ac- 
cumulates selectively. If the inhaled radioactive substances are insoluble 
or only slightly soluble, the critical organ is assumed to be either the lungs 
or— aftertheparticles have been sv^^llowed— part of the gastro-intestinal tract. 

(2) The maximum permissible concentration in air for each radionuclide 
has been established on the assumption that the atmospheric pollution is due 
solely to this radionuclide and is constant. The values will consequent have 
to be modified if several pollutants are present or if pollution is intemuttent. 
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In the case of atmospheric pollution by several radionuclides, the total 
dose of radiation received by the body should not exceed the absolute value 
for the maximum permissible dose. To obtain the permissible concentration 
of each radionuclide, the figure given in the table must therefore be corrected 
by a factor corresponding to the relative contribution of that radionuclide 
to the total atmospheric pollution. 

In many cases, the problem is not only that pollution is due to several 
radionuclides but also that the precise nature of the radionuclides and their 
relative proportions are unknown. In such circumstances, the following 
maximum permissible concentrations have been recommended: 

for any mixture of beta-gamma-emitters with the exception of "^Sr: 
10-*{ic/ml;. 

for any mixture of alpha-emitters with the exception of ^Pu and ^*'Ac: 
5.10-^ \j^lmi. 

If exposure is only occasional, it may be assumed that concentrations ten 
times the above values wUl not be harmful, provided that the average con- 
centration during any period of 1 2 months does not exceed the recommended 
values. 

(3) The maximum permissible concentrations given in the table are 
intended to apply to occupational exposure. In the case of the population 
at large, additional safety factors must be adopted. If only a small part of 
the population is exposed to tte polluted atmosphere, the figures in the table 
should be divided by 10. If there is a posibility that the whole population, 
or a large part of it will be affected, the maximum permissible concentrations 
must be reduced to such levels that the resulting exposure is of the same 
order as that due to the natural background. 



Monitoring and PreY«rtion of Rtdii»€ti?e PoDittios of tlie Atmosphere 

Measures for preventing possible harmful effects of radioactiye pollution 
of the atmosphere must be based on the fundamental principle that the 
prescribed maximum permissible doses should on no account be exceeded. 
The first requirement is therefore a rigorous monitoring system to determine 
the nature and the level of radioactive contamination; eflfective preventive 
methods can then be applied. 

M(Hdtorii^ of polIutioD 

The aim of monitoring is to determine the type of pollutant present and 
the level of radioactivity* This enables an assessment to be made of the 
hazard run by radiation workers and by the general population and, at the 
same time, provides a check on tise effectiveness of the measures employed 
to control the pollution. 
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General principles 

Before discussing the techniques of monitoring, it is necessary to examine 
the principles upon which the organization and execution of such a pro- 
gramme of control of atmospheric pollution must be based. 

(1) To increase the accuracy and reliab^ity of the results, monitoring 
must be systematic and simultaneous cross-checks should be made at as 
many points as possible. 

These precautions are necessary because the ordinary human senses give 
no warning of the presence of ionizing radiations, even in amounts that are 
distinctly toxic; at best they can det^t the material vehicles of radioactive 
pollutants. Moreover, the pathological effects of exposure to radiations do 
not have any specific etiological characteristics and might be due to other 
causes; and, in addition, there may often be a considerable latent period 
before the harmful effects of exposure become manifest. It is therefore evi- 
dent that the expert required to establish a cause-and-eflfect relationship in 
cases of suspected radiation injury is confront with very intricate pro- 
blems. Finally, the almost total lack of any means of preventing or curing 
the harmful effi^ts of the i::! alation of radioactive substan(^ makes it 
imperative that there should be a rigorous system of monitoring to ensure 
the imm^iate detection of dangerous levels of radioactive pollution. 

(2) Monitoring must provide information not only on the amount of 
radioactivity present but also on the natu*^ of the poUutants, since, as has 
ah^dy been shown, wide variations in toxicity may exist between the various 
radionuclides. It should be made cl^r from the outset that both qualitative 
and quantitative analyses are extremely difficult. 

From the quantitative aspect, the maximum permissible concentrations 
in air for many of the radionuclides are so small that the analyses4)ave to 
be made at the limit of sensitivity of the most up-to-date equipment. If a 
large number of observations are needed and these highly refined techniques 
have to be employed as routine methods, it can be readily imagined that the 
technical problems are extremely difficult to solve. 

On the qualitative side, the isolation and identification of the various 
radionuclides is very difficult when only traces are present. Even in the 
case of a single radionuclide, the task is by no means an easy one, and the 
difficulties inci^ase with the number of radioactive substances present. In 
the case of very complex mixtures, separation may be impossible with the 
techniques at present available. As already indicated earlier, the solution 
to this problem is to assume that the mixture consists entirely of the most 
toxic radionuclide present. It should be noted that a knowledge of the 
working conditions often provides a useful pointer to the nature of the 
pollutants and enables the investiptions to be considerably simplified. 

(3) The monitoring system should be such that it enables all the sources 
of radioactive pollution of the atmosphere to be identified. Moreover, 
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since the aim is to ensure healthy working and living conditions, it must cover 
both occupational exposure and exposure of the population at large. 

With regard to occupational exposure, several types of atmosphere have 
to be investigated: the air in the premises occupied by the workers; the air 
in confined spaces to which access is restricted because of permanent pollu- 
tion; the air in confined spaces to which access is prohibited; gases or 
vapours which are discharged into the outside air, before and after filtration ; 
and air in the neighbourhood of atomic installations. Tests should also be 
made to detect secondary surface contamination occurring as the result of 
atmospheric pollution, as well as skin or internal contamination of workers. 

For the protection of the population at large» a monitoring system must 
be set up which will ensure the detection of radioactive pollution in the 
neighbourhood of any installations where the continuous or accidental release 
of radioactive substances into the atmosphere is liable to occur. In addition, 
there must be some national body responsible for measuring the general 
atmospheric pollution resulting from nuclear tests. These methods should 
be supplemented by suitable tests to determine the level of secondary 
contamination at various points in the food chain. Secondary contamination 
of the general population is only likely to arise in exceptional circumstances 
as the result of an a(xident. 

Techniques of monitoring 

' The techniques involved in monitoring radioactive pollution of the atmo* 
sphere may be grouped under three headinp: sampling, quantitative 
analysis, and qualitative analysis. 

Sampling. It is rarely possible to measure directly the level of radioactive 
pollution of the atmosphere. This can be done, however, in the case of 
gaseous gamma-emitters, such as **A, simply by measuring the dose of 
gamma radiation. 

In the vast majority of cases, analyses are performed on samples of air, 
which may be classified in various ways. 

First of all, a distinction may be made between gross sampling and 
sel^tive sMipling. Gross samples are representative of the atmosphere as 
a whole and are obtained by admitting a quantity of air into an ionization 
chamber or scintillation counter. Sel^tive samples contain only certain of 
the components of the atmosphere. The selection of these components 
may be made either by physical or by chemical methods. Physical methods 
are employed mainly for the detection of radioactive particulates. The 
method most frequently used consists in passing the air through a filter 
which retains only particles of a certain size. In another method used in 
general monitoring, the particles are collected by deposition on adhesive 
paper. Physicochemical methods can be appli^ to certain ^ses, such as 
radon, wh'ch is retained in good yield if the sample is passed over activated 
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charcoal. Chemical selection depends on reactions capable of retaining 
the radioactive contaminants and is used especially for gases. For example, 
radioactive carbon dioxide can be fixed by bubbling the air through lime 
water. 

Sampling may be done either on a continuous or on a periodic basis. The 
advantage of continuous sampling is that it provides more complete infor- 
mation on changes in atmospheric pollution at a given point over a period 
of time. Continuous sampling can be effected, for example, by passing the 
air through an ionization chamber or by continuous aspiration through a filter. 
In the majority of cases, however, peri'idic samples are taken. These are 
easier to obtain and the use of continuous recording equiptucnt is un* 
necessary. 

Quantitative analysis. After the samples have been collected, they mast be 
analysed to determine the amounts of radionuclides present and hence the 
level of radioactive contamination of the atmosphere. Fundamentally, 
there are three types of method at present available for measuring radiation. 

(1) Ekctrometric methods. These are based on the ionization produced 
when the radiation passes through a certain volume of gas subjected to a 
potential difference. If the potential difference is small, the result is simply the 
transfer of ions to one electrode with the production of a current which can 
be recorded ; this is what happens in an ionization chamber. If the potential 
difference is sufficiently hi^, the acceleration of the ions formed leads to 
"avalanche" phenomena, culminating in an electric pulse which can be 
recorded; this is the principle of the discharge counter tube, which may be 
either of the proportional or of the Gei^r-Miiller type. 

(2) Scintillometric methods. These methods depend on the fact that if a 
crystal of suitable mat^al (sodium iodide for gamma rays, anthracene for 
beta rays, zinc sulfide for alpha rays) is exposed to ionizing radiation a 
bright flash of light is produced in the crystal. By a photoelectric effect this 
gives rise to an electron flux which is detected by a photomultiplier tube, 
amnlified, and converted into an electric pulse which is recorded. The 
wh. le apparatus is known as a scintillation counter 

(3) Photometric methods. These are based on chemical changes appear- 
ing in an emulsion sensitive to ionizing radiations. The result may be either 
a uniform darkening of the film or the appearance of tracks following the 
path of strongly ionizing particles, such as alpha r^y$. For the former pur- 
pose, sensitive films are used, and for the latter, nudear track-plates. 

The final results obtained by any of these methods fall into two groups. 
Those in the first group (ionization chamber, sensitive film) are a reflection 
of statistical phenomena and measure the exposure dose in roentgens; those 
in the second group (Geiger-Muller counters, scintillation counters, nuclear 
track-plates) depend on the counting of sin^e events and measure the particle 
flux or the activity in curies. 
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The results of these analytical determinations arc not suitable for direct 
evaluation. The "adiation doses or amounts of radionuclides must first be 
converted into radioactive concentrations per unit volume of air. In certain 
cases, e. g., with data obtained by ionization measurements, such a conver- 
sion is relatively easy, but it is much more difficult when the data are of the 
type furnished by counting methods, owing to the intervention of other 
factors (geometrical considerations, chance effects, etc.). Moreover, in 
generahit is necessary to know the nature of the radioactive pollutant before 
the quantitative data can be interpreted satisfactorily* 

Qualitative analysis. A knowledge of the working conditions and the 
hazards involved will usually provide an indication of the nature of the 
radionuclides likely to be present and thus facilitate qualitative analysis. 
The methods used are of two types, depending upon whether they are based 
on the physicochemical or radioactive (properties of the pollutants. 

Separation of the radionuclides and possibly their identification may be 
effected on the basis of their physical and chemical properties* The distinc- 
tion betw^n gaseous and particulate contaminants is easily made* The 
latter can very often be separated by granulometric analysis, a method that 
has the advantage of providing valuable information on the true toxicity of 
radioactive dusts. 

Chemical methods of separation, such as co-pr^pitation and ion ex- 
change, are particulariy suitable for the analysis of samples of radioactive 
dusts* They permit not only the isolation of the radionuclides but also their 
identification* Considerable diflfculties are experienced, however, as soon 
as the degree of pollution is insufficient to give weighablc quantities, espe- 
cially in the <^se of radionuclides that have no stable isotopes that can act as 
carriers* 

Analytical methods based on the radioactive properties of the pollutants 
make use of their decay and emission characteristics. The half-life of a 
radionuclide is a specific constant by which it can be identified. The decay 
method consists in determining the amount of radioactive material present 
in the sample at a serfes of time intervals and hen<^ calculating the half-life. 
This very simple method is efftetive if the half-life is short. By the appli- 
cation of mathematical analysis to the decay curve, it can also be used for 
mixtures provided that the number of components is small. It is useless, 
however, in the case of complex mixtures or of radioni»:lides with a long half- 
life* Methods must then be used which depend on differen<»s in the nature 
and energy of the radiations emitted by the various radionuclides* The use 
of detectors having a sp^iflc sensitivity to alpha, beta or gamma rays — in 
particular, scintillation counters— enables a r'^ ' t preliminary qualitative 
analysis to be made* With certain types of dc*^tor (e* g*, proportional 
counters or nucl^r track-plates) the radiations can be diflferentiated accord- 
ing to their energy* Ry means of '^electronic discrimination", it is possible to 
single out those radiations having energies between certain limits and to 
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perform a spectrographic analysis. In particular, the gamma spectrometer 
opemtirg by amplitude selection is coming more and more into use for 
routine analysis. Finally, in the absorption method, screens of suitable ma- 
terial and thickness are employed which are capable of selective absorption 
of certain radiations, thus enabling the radiation or radiations to be rden- 
tified. 

Instrumentation 

The performance of these qualitative and quantitative analyses calls for 
suitable instruments constructed in a wide range of materials. Generally 
speaking, the apparatus us^ for radiation detection must satisfy rigorous 
requirements, particularly with regard to sensitivity, accuracy, and robust- 
ne^. No attempt will be made here to give even an incomplete list of the 
materials used, but, by way of illustmtion, a few detectors and their acces- 
sories will be briefly described. 

For atmospheric sampling, simple bottles whk^h have been previously 
evaciiated may be used to collect gross samples, whereas selective samples 
are generally obtained by means of suction pumps of medium capacity, 
fitted with suitable filters and connected either to a power supply or to a 
battery. The detectors themselves are of many types. Depending upon the 
measurements to be made, ionization chambers and discharge tube counters 
vary in shape and size, in the nature of the gas they contain and the method 
by which tl^ gas is generated, and in the thickness of the walls and the 
material from which they are constructed. Similarly, (he crystals used in 
scintillation counters differ in composition, shape and size according to 
whether they are to be used for the detection of alpha, beta or gamma 
radiation. Finally, sensitive film and nuclear track-plates are manufactured 
in shapes which facilitate their exposure to the samples. The apparatus 
used for screen analysis and for chemical methods does not exhibit any 
special features. On the other hand, for spectrographic analysis of ionizing 
radiations, particulariy gamma radiation, very complicated instruments are 
n^ed, capable of selecting particular energy bands. Such instruments may 
be either of the single-channel type with variable band or of the multi* 
channel type with set bands enabling a rapid and complete analysis to be 
carried out. 

Toobtain<^rtatnresults,anumberof ac^ssory instruments are ne<%ssary. 
Radiation detectors may be classed either as dosimeters or as rate-meters, 
depending upon whether they measure the quantity or the intensity of the 
i^diation. The rate-meten are very interesting sincethev enable instantaneous 
measuiements of radioactivity to be made, but they must be used in conjunct 
tion with recording devices if it is desired to follow the changes in radio- 
active pollution over a period of time. They may also be coupled with 
auditory or visual alarm signals which are actuated whenever the maximum 
permissible concentration in air is exceeded. 
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The equipment ncc^sary for detecting radioactive pollution of the air 
thus comprises a whole range of detectors. The simplest are mobile and 
provide information on pollution at a ^ven point and a given time, while 
the more complicated ones arc fixed and eflfect instantaneous measure- 
ments, continuous recording or, if necessary, qualitative analysis of air pol- 
lution. 

Applications 

The choice of techniques and instruments will depend on the type of work 
being performed and on the nature of the resulting air pollution. Only a few 
examples can be given here to illustrate the applioitions of the above tech- 
niques and the usefulness of the methods described. 

One of the best examples of local atmospheric pollution is found in the 
uranium mines, where the pollutants are natural radioactive materials in 
gaseous or particulate form. The monitoring technique at present in use 
consists in sy^ematic sampling of the air at representative points in the 
galleries in accordance with the type of work in progress (drilling, blasting, 
removal of the ore, etc.)* The bottles containing the crude samples arc then 
connected with an ionization chamber, scintillation counter, or counter 
containing activated charcoal to measure the concentrations of nidon. 
Selective sampling with the aid of suitable fil^ is employed to study the 
particle si^ and chemical comp<Kitiott of dusts, as weU as to measure their 
radioactivity, for which purpose nuclear track-plates are particulariy useful. 
For special studies, continuous sampling apparatus may be used, enabling a 
continuous record to be made of atmospheric radioactivity. 

An example of regional pollution is to be found in the neighbourhood of 
atomic installations. The chimneys of these installations continuously 
pollute the atmosphere with radioactive gases emanating from leaks in the 
coolant system of the reactor; occasionally, they may also emit radi^ctive 
pises or dusts resulting from fires or other accidents in the reactor. Monitor- 
ing is effected by a chain of stations suitably arran^ around the site, their 
position depending upon meteorological factor and demographic con^der- 
ations. Th^ stations shouki make possible the continuous monitoring of 
radioactive contamination of the atmosphere. Radiation from is 
measured by means of coupled (open and clos^) ionization chambers. By 
using selective sampling equipment in which the air is passed through a tend of 
filter paper, which is continuously unrolled and then travels in front of a 
discharge or scintillation counter, it is possible to measure pollution with 
radioactive dusts. Ionization chambers and filter detectors give instanuneous 
information on pollution with radioactive gases and dusts; when us^ in 
conjunction with recording equipment they enable the average pollution at 
the point considered to be determine; when fitted with alarm devices, they 
can give a Avaming if the maximum permissible concentrations arc exceed. 
Finally, in the event of an accident, subsequent determination of the particle 
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size of the material retained on the filter, or its analysis by chemical or radio- 
chemical methods, will indicate the nature of the contaminants. 

The apparatus just described would also be employed for monitoring 
general atmospheric pollution arising from nuclear tests. However, for 
measurements on a very large scale, the most usual procedure consists in 
allowing the radioactive particles to settle on adhesive paper exposed in the 
open air for a given time. The paper is ashed and from the activity of the 
residue measured with a counter, the radioactive fall-out can be det^in^ 
in jic per unit of surface area. Qualitative analysis is also possible ir ccrtaHi 
circumstances, particularly for the identification of •^Sr. 

Supplementary surveys 

For a really complete assessment of all the consequence to man and his 
environment of radioactive pollution of the atn^osphere, the monitoring 
programmes described above should be supplemented by surveys to deter- 
mine the secondary contamination of the environment and of man himself. 
Here it is only possible to outline the general methods used in these two 
types of survey, since a comprehensive treatment would take us too far 
from the subject of atmospheric pollution. 

Environmental surveys. It has already been shown tliat atmospheric 
pollution leads, by natural deposition of the pollutants, to contamination 
of the soil, water, flora and fauna and thus to contamination of the food 
chain. Monitoring of such contamination cannot be done on a systematic 
basis but only in the form of spot ch^ks, i. e., tests made on samples taken 
at suitably chosen times and places. In the case of soil, flora and fauna, for 
example, samples arecollected in the immediate vicinity of atomic installations 
and to the lee of the prevailing wind; and in the case of food, tests are made 
on th<«e foods likely to introduce into the body the largest quantities of 
contaminants (e. g., in European countries, milk is the principal vector of 
•°Sr). The very small quantities of radionuclides present in these samples 
make quantitative measurements very difficult, especially as they are dis- 
persed in a very lar^ mass of inert material. Self-absorption therefore 
becomes a highly important factor, a difficulty not ©cperienced in the case of 
atmospheric pollution. Consequently, the samples must be given a pre- 
liminary treatment, the amount of inert matter being reduced to a minimum 
by d^iomtion and conversion to inorganic salts. The techniques for the 
meastiiement of gamma radiation present fewer difficulties. In the case of 
contamination by beta emitters, it is necessary to work with very thin 
samples and to use highly sensitive counters. For alpha emitters, it is 
preferable to use counters into which the sample can be introduced in 
gaseous form. Special, highly sensitive equipment has been devised for the 
direct measurement of gamma radiation on intact biological samples. The 
difficulty that remains is that of the background counting rate of these 
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instruments, since the activity to be measured is often lower than the natural 
background. 

Qualitative analyses are carried out using the physicochemical and 
radiochemical methods already discussed. 

Surveys of human contamination. To evaluate more precisely the direct 
or indirect sequelae of radioactive pollution of the atmosphere, surveys of 
human contamination are necessary. Systematic surveys should be orga- 
nized among workers continually exposed to the risk of contamination via 
the respiratory tract, t. e., uraRium minei^, metallurgical workers handling 
uranium and plutonium, etc. In the case of other radiation workers, such 
surveys need only be made occasionally, and surveys of the general public 
will rarely be nec^sary except in the case of accidents resulting in a high level 
of pollution. The present practice is to make a certain number of post- 
mortem examinations to obtain an estimate of the level of contamination in 
the population at large. 

In the case of occupational exposure, skin contamination resulting from 
atmospheric pollution is easily measured using scintillation counters sensitive 
to alpha, beta and ^mma radiation. On the other hand, it is very difficult 
to make direct determinations of internal contamination. At a few installa- 
tions in various parts of the world, extremely sensitive, heavily shielded 
scintillation counters are availaUe which are capable of making qualitative 
and quantitative analyses of internal contamination by gamma-emitters. 
Such methods are not at present susceptible of routine use, however. 

It is necessary, -theref ore, to rely on indirect methods. Nasal samples 
taken at the end of the working day are useful for the detection, but not for 
the measurement, of radioactive contamination of the nasal fossae; their 
main value lies in the fact that they can provide a timely warning of the need 
for more thorough investt^tion. Methods similar to those used for the 
determination of atmospheric radon can be employed to measure the radon 
in exhaled air, provided that, before the examination, the subject has been 
made to breathe radon-free air. The methods most used, however, for the 
evaluation of human contamination depend on the measurement of radio- 
active levels in excreta. In particular, radiotoxicological analyses of urine 
can be used for the routine estimation of the most usual radioactive con- 
taminants (uranium, radium, plutonium, strontium, caesium, etc.) and are 
sufficiently sensitive to dct^ amounts corresponding to the maximum 
permissible levels. The first stage in these analytical procedures consists in the 
isolation by chemical methods of the radionuclide or radionuclides present 
in the sample. It is therefore useful to have information on the nature of 
the radioactive pollution of the atmosphere in which the subj^t has been 
working. The activity of the sample obtained after chemical separation is 
estimate by the counting methods already described. There are two points 
to be noted ; (a) this technique has so far b^n perfected only for the evaluation 
of contamination by a small number of radionuclides; and (b) the results 
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obtained, expressed in yic per litre of urine, do not allow a direct assessment to 
be made of the level of internal contamination, since the rate of excretion 
of radionuclides is subject to considerable fluctuations, depending on a 
variety of factors. It is only by repeating such analyses at frequent intervals 
thai the gravity of the situation can be properly assessed in cases of heavy 
contamination. 

With regard to the general public, radiotoxicological analyses of this type 
will only be contciiplated in the case of serious accidents involving whole 
populations — for example, those living in the neighbourhood of a nuclear 
reactor. As already mentioned, estimates of human contamination resulting 
from general pollution of the atmosphere are at present based on post- 
mortem examination, particular attention being paid to the presence of "*Sr 
and »'Cs. 

Prevoitioa of atmo^lwric pcrilotHm 

It Las already been pointed out that radioactive contamination cannot 
be detected by the human senses; that a considerable period may elapse 
between the time of exposure and tiie manifestation of the pathological 
effects; and that no really effective therapy is known for preventing or 
curing the harmful effecu of internal contamination. It follows that for 
health proteotion reliance must be placed mainly cn measures for ensuring 
that the radioactive pollution of the atmosphere does not reach dangerous 
levels. 

Genera! principles 

Methods for the prevention of atmospheric pollution by radioactive 
substances are based on a number of general principles of which the most 
importanc are the following: 

(1) For the reasons indicated above, it is imperative that the level of 
radioactive pollution of the atmosphere should not be allow^ to exc^d the 
maximum permissible limits. The measures adopted most therefore be 
particulariy rigorous; they must not only be systematic, they must also be 
organized in such a way as to provide multiple and succ^sive safeguards. 
Moreover, the organization must take a(xount not only of the risks of 
continuous pollution arising out of normal working conditions, but also of 
the risks of accidental pollution due to defective installations. 

(2) The radioactivity of a substance is a phenomenon that man is at 
present incapable of modifying in any way whatsoever. The rate of decay 
of radioactive substances and the nature and energy of the radiation emitted 
during the process remain completely unaffected by any form of treatment. 
Unlike most chemical pollutions, therefore, the pollutants cannot be con* 
verted into non-toxic substances; their rate of disappearance will depend 
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solely on the decay constant. In the case of radionuclides with a short half- 
life ("Na, ^P), the rate of spontaneous disappearance will be relatively 
rapid, but il will be almost negligible for elements with a long half-life (^U, 
jatpy^ fosr^ etc.). Attention must therefore be concentrated on the material 
vehicle of the radioactivity, except in the case of radionuclides with a very 
short half-life. Consequently, the preventive measures discussed below 
follow the same lines as those employed against atmospheric pollution 
in general, whether the contaminants are in gaseous or in particulate form. 

(3) The preventive measures must be directed against both occupational 
exposure and exposure of the population at large. To be most effective, 
chey should be organized primarily on a collective basis, i. e., the limitation 
of atmospheric pollution should be a^hievwi by measures applied to the 
installations themselves. In «rtain cases, collective measures may prove 
inadequate, either because they are not technically feasible or because of 
accidents. They must therefore be supplemented by protective measures 
which can be applied on an individual basis. It is unnec^sary to stress that 
such measures are highly inconvenient and that the security they afford is 
frequently insufficient. All tte greater, therefore, is the obligation to develop 
measures of collective protection that are really efficacious. 

General methods of prevention 

To be effective, the control of nidioactive pollution must follow a logical 
plan. It must comprise the following measures: limitation <rf the emission 
of radioactive pollutants; containment, to prevent, as far as possible, the 
spread of the pollution; and dispersal, to reduce the pollution below the 
maximum permissible level. 

Limitation of the emission of radioactive pollutants. This is not only the 
most <^rtain method of controlling radioactive pollution of the atmosphere, it 
is often the most economical as well. The measures to be adoptaJ must be 
decided upon at a very early stage in the planning of installations, before 
construction conmienccs. There is often a choice of several twhniques for 
carrying out a particular operation, some of which offer particular advantages 
from the point of view of limiting air pollution. In uranium mines, for 
example, pollution can be kept to a minimum by the use of wet drilling, by 
underground drainage, and by clearing away the ore as rapidly as possible 
to prevent the release of radon. In the case of nuclear reactors, the risk of 
pollution can be reduced by the use trf closed-cycle coolant sy^ems contain- 
ing gaseous coolants of the highest possible purity in order to avoid extra- 
neous activation products. In the chemical and metallurgical industries, 
handlmg of the radioactive substan(^s in the gaseous and powder forms 
should be kept to a minimum and metal working should be carried out 
under a jet of oil or water. Finely, in the case o*' nuclear tests, meteorologi- 
cal conditions must be such as to ensure minimum dispersal 
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Containment. Measures aimed at preventing the spread of the muterial 
vector of radioactivity are of two types: containment of the polluted atmos- 
phere and containment of the radioactive pollutant alone, in the first case, 
the aim is to separate the polluted atmosphere from the atmosphere of the 
area where people arc working, or from the outside atmosphere. The 
separation may be imperf«:t, the exchange between polluted and unpolluted 
air being merely reduced to a minimum, as in the case of fume hoods. It 
is often an advantage, however, to ensure complete containment of the 
polluted air, as can be done with hermetically sealed boxes and closed-cycle 
systems. Selective methods for isolating the radioactive contaminants only 
usually depend on the use of filters which hold back radioactive particles of 
a given size. Tliese filters must be able to resist corrosion or chemical attack 
by the radioactive substances. Provision must also be made for their re- 
placement and decontamination without risk from the high concentration 
of radioactive material which they retain. For these reasons the filters are 
often arranged in series or in parallel. 

Dispersal. It is not always possible by means of the two preceding 
methods to reduce radioactive pollution below the maximum permissible 
levels. If the atmospheric pollution is exceptionally high, methods of radio- 
active decontamination must be adopted. Only in the case of the short- 
lived pollutants is it possible to obtain satisfactory results by relying on 
spontaneous radioactive decay. In all other cases, measures must be adopt- 
ed for dispersing the material vehicle of the radioactivity until concentra- 
tions are obtained which are lower than the prescribed maximum permissible 
limits. The dispersal method thus consists merely in spreading the pollution 
over a sufficiently large volume of air. 

In the case of buildinp where radiation work is performed, this is 
achieved mainly by adequate ventilation to ensure that the air inside the 
building is renewed and the radioactive contaminants are carried outside 
and dispersed; this is tantamount to a forced exchange between th^ polluted 
and the unpolluted atmosphere. It has not so far beeif found possible to 
make any appreciable use of physical, chemical, or electrostatic methods 
for radioactive decontamination of the atmosphere. 

With regard to the population at lar^, the dispersal of radioactive 
pollutants is effect^ by the traditional use of high chimneys. Satisfactory 
dispersal to give concentrations below the maximum permissible limits 
depends on two sets of factors — on the position, height, and power of dis- 
charge of the chimney, and on local meteorological factors and the distri- 
bution of the population. 

Additional protective measures 

The measures describe above are designed to reduce the level of radio- 
active pollution of the atmosphere below the maximum permissible limits. 
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In the vast majority of cases, this result is attainable provided thai the 
installations function normally. However, in certain types of work involving 
very heavy pollution (uranium mining, metallurgical processing) and in the 
case of serious accidents, it may be necessary to provide additional protective 
measures, from the point of view both of environmental and of human 
contamination. 

Environmental contamination. This 's essentially a question of siting 
atomic installations and centres handling radioactive substances in such a 
way that the consequences of heavy atmospheric pollution will not be too 
serious. In choosing a suitable site, the most important considerations are 
the following: 

(1) Type of installation, e. g., nuclear reactor, chemical treatment plant, 
Plutonium extraction centre, etc. This will influence the type of accident 
most likely to occur. Moreover, the concentration of the buildings and the 
safety devi<^ with which they are provided will profoundly affect the deci- 
sions taken regarding the choice of site. Thus, certain reactors used for 
research purposes present practically no hazard, whereas the hazards 
associated with some types of production reactor may be considerable. 

(2) Propa^tion of radioactive contamination. Here the principal 
factors involved are meteorological, especially the local weather conditions: 
prevailing winds, rainfall pattern, temperature changes, humidity, etc. 

(3) Nature of the environment liable to be contsmiinated, e. g., distri- 
bution of the population, position of industrial and residential areas and of 
agricultural zones, etc^ 

The choice of a suitable site will depend on a careful weighing up of all 
these considerations. The same arguments may also apply in part to the 
selection of sites for nuclear tests. 

Human contamination^ In spite of all the protective measures already 
discussed, atmospheric pollution may be of such a nature that steps have 
to be taken to provide individual protection for all exposed persons. 
The measures adopted may * c . f two very different types, depending 
upon whether they are aimed at the prevention or the treatment of con- 
tamination. 

With rare exception, prevent> f of individual contamination is attempt- 
ed only in cases of occupational exposure. Measures should be aimed at 
limiting both skin contamination and internal contamination via the 
respiratory tract. The first "requirement is to encourage proper working 
habits, e.g., tidiness, no smoking, eating or drinking in contaminated 
rooms, and personal hygiene (washing the hands, taking showers). The 
risk of skin contamination can be reduced by wearing suitable working 
clothes (overaMs, boots, caps, gloves, etc.). Contamination via the respira- 
tory tract may be prevented by providing each worker with a suitable mask, 
hood, or protective suit giving selective or complete isolation from the radio- 
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active pollutants. The inconvenience of wearing such protective clothing 
while working is a good argument for not using it except in conditions where 
it is absolutely impossible to achieve satisfactory results by collective 
measures. As already stated, such conditions may be found in highly 
contaminated mine workings or in atomic instajlations contaminated as the 
result of serious accidents. 

The treatment of radioactive contamination of the skin is relatively easy. 
On the other hand, internal contamination resulting from the inhalation of 
radioactive substances is extremely difficult to treat owing to the fact that, 
in most cases, it is impossible to modify the metabolism of the contaminants 
to any appreciable extent. If the radionuclides are short-lived, the hazard 
is not great, except in the case of very heavy contamination. On the other 
hand, the fixation in the tissues of radionuclides having long radioactive and 
biological half-lives may have extremely serious consequences. The lack of 
any satisfactory treatment for poisoning by radioactive substances is one 
more argument for building up a really eflective organization for the preven- 
tion of radioactive pollution of the atmosphere. 

Conclusion 

The rapidly expanding applications of radioactive materials and of 
nuclear energy must inevitably lead to a vast increase in radioactive pollution 
of the atmosphere unless effective preventive measures are taken without 
delay. Such measures, which are essential for safeguarding the health of 
both radiation workers and the population at large, must be conceived as 
part of a programme for the control of air pollution in general. 

The first essential is an effective system of monitoring, the principles of 
which have been outlined above. The International Commission on Radio- 
logical Protection issues periodically recommendations regarding maximum 
permissible doses of radiation and maximum permissible concentrations of 
radionuclides in air, drinking water, etc. Similar recommendations are 
drawn up by national bodies responsible for advising governments on radio- 
logical protection. The monitoring system must be adequate to ensure that 
prompt action if( taken whenever there is a danger of these maximum per- 
missible levels being exceeded. Ultimately, the recommendations may be 
embodied in appropriate legislature, but caution is necessary at present in 
view of the uncertainty still surrounding the precise health hazards of a given 
exposure to radiation. 

As soon as possible, efforts should be made to secure international 
agreement re^rding methods of monitoring and control — all the more so as 
a source of radioactive pollution in one country may affect neighbouring 
territories. The World Health Organization can help to encourage such co- 
operation and can assist governments by the dissemination of the most 
recent information on the true hazards of radioactive pollution of the atmos- 
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phere and on available methods of monitoring, control, and radiation pro- 
tection. 

There is an urgent need for basic research in radiotoxicology and radio- 
pathology in order that radiation hazards can be defined more precisely and 
radiation injuries diagnosed at an early stage and effectively treated. More 
sensitive and reliable techniques of radiochemical analysis are also needed, 
especially for the detection and identification of small quantities of radio- 
active contaminants. 

If these problems are not tackled energetically, the whole future of the 
exploitation of nuclear energy for peaceful purposes will be jeopardized. 
Public opinion has already been aroused to the dangers of tadioactive 
:>ollution of the atmosphere and the need for rigorous control. Public 
health authorities should grasp this opportunity to ensure that the potential 
benefits of nuclear energy can be enjoyed to the full without endangering the 
health of workers in this new industry or of the general population. 



Annex 



MAXIMUM PERMISSIBLE CONCENTRATIONS OF RADIONUCLIDES 
IN AIR FOR AN OCCUPATIONAL EXPOSURE OF 168 HOURS PER WEEK * 



Rfldionuclids &nd 
type of decay 


v.^riuCai 

organ ** 


Maximum 
permissible^ 
concentra- 
tion in air 
(fAc/ml) , 


Radionuclide and 
type of decay 


Critical 
organ** 


Maximum 
permissible 
< concentra- 
tion in air 

(fjtc/ml) 

s 


,H» (HTO or HfO) 
(sol.) 


Body ti^ue 
Total body 


2xl(H 

3x!0-« 1 

i 


„Na" 
P-.Y 


(sol.) 


GI (SI) 


4x10-' 


(H|) (submersion) 


Skin 


4x1(H 




(insol.) 


GI (LLI) 


5- 10-* 


iBe' (sol.) 


GI (LLI) 
Total body 


4x10-* ; 
2x!(H 1 




(sol.) 


GI (S) 


2x10-* 


(insol.) 


Lung 
GI (LLI) 


4x10-' 
3xlO-» 




(insol.) i GI (ULI) 


3x10-' 






(sol.). 


Bone 


2xl0-« 








,C"(CO,) (sol.) 


Fat 


1(H 
















(insol.) 


Lung 
GI LLI) 


3xl0-« 


(submersion) 


Total body 


iO-» 




4xl0-« 
















tF» (sol.) 


GI (SI) 


2x10-* \ 

j 




(sol.) 


Testis 


9xl0-» 


(insol.) 


GI (ULI) 


9x10-' 

! 




(insol.) 


Lung 
GI (LLD 


: 9X10-* 

5x10-' 


uNaW (sol.) 


Total body 


6x10-* 1 

j 


«C1» 


(sol.) 


Total body 


10-' 

i 


(insol.) 


Lung 
GI (LLI) 


3x10-*' 
5xl0-» 

1 




(insol.)! Lung 

GI (LLD 


i 8x!0-» 

|i(.' 



* Condensed from: International Commission on Radiological Protection (1959) Recommendations 
of the International Commission on Radiological Protection, Report of Committee II on permissible dose for 
internal radiation^ London, New York, Paris* Los Angeles, Fergamon Press, pp. 41*84. 

** The abbreviations GI, S, SI, ULI and LLI refer to gastrointestinal tract, stomach, small intestine* 
upper large intestine, and lower lar^ intestine, respectively. 
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Radionuclide and 
type of decay 


Critical 
organ 


Maxtmum 
permtssibte 
concentra- 
tion in air 
(tw/ml) 


Radionuclide and 
type of decay 


Critical 
organ 


Maximum 

ff%ft tiimiVIv 

concentra- 
tion in air 
(tic/mO 


(sol.) 
(insol.) 


GI(S) 


9X10-' 


ttSc^ (sol.) 
P-.Y 

(insol.) 


GI (LLI) 


6xl0-« 


GI (S) 


7xl(h» 


GI (LLD 


5x10^ 


uA^ (submnsion) 
t 


Skin 


l(h" 


»V« (s<rf.) 
P%e,Y 

(insol.) 


GI (LLD 


6xl0-» 


iiA^^ (submersion) 


Total body 


4xl(h' 


Lung 

GI (LU) 


2x10-* 
5xl0-» 


„Ci** (sd.) 
«»Y 

(insol.) 


GI (LU) 
Total body 

Lung 
GI (LLI) 


4xl0-* 
4x10^ 

8x10-' 
3xl<h« 


lOC" (sol.) 
P-,Y 

(insol.) 


GI (S) 
GI (LLD 


7x10-' 
4xl0-» 


^Ca« (sol.) 

(insol.) 


Bone 


10-" 


ttMn** (sol.) 

Pn Y 

(ittsd.) 


GI (LLD 


7xl<h» 


Lung 
GI (LU) 


4X10-* 

3x10-' 


Lung 

GI (LLD 


5xlO-» 
5xl(H 


„ai« (sol.) 
P-,Y • 

(insol.) 


Bone 


6xl(h> 


»Mn»* (sd.) 
«»Y 

(insol.) 


GI (LLD 
Liw 


3x10-' 
I0-' 


GI (LLli 
Lung 


6X1(H 
6xlCh> 


Lung 

GI (LLD 


io-» 

2x10-' 


„Sc« (sol.) 
P-.Y 

(insol.) 


GI (LLD 
Liver 


8xl(h» 
8xl(H 


NMn*« (sol.) 

P-,Y 

(insol.) 


GI (LLD 


3x10-' 


Lung 
GI (LLI) 


8xl(h" 
7xlO-» 


GI (LLD 


2x10-' 


MFe« (sol.) 
c 

(insol.) 


Spleen 

Lung 

GI (LLD 


3x10-' 

3x10-' 
4x10^ 


nSc*' (sol.) 
P-*Y 

(insd.) 


OI (LLD 
GI (LLD 


2x10-' 
2x10-' 



418 H. p. JAMMET 



1 

Radionuctide and Critical 
type of decay organ 

f 


1 

Maximum | 
permissible] 

Wlf^Cnii « 

tion in air 
({ic/ml) 


t 

1 Radionuclide and 
1 type of decay 


Critical 
organ 


Maximum 
permissibte 

WllWvllii a 

tion in air 
(fjtc/ml) 


«Fe" (sol.) 

(Insol.) 


GI (LLI) 
Spieoi 


10-' 
5xl(h« 


^Ni" (sol.) 
P-.Y 

(insol.) 


GI (UL!) 


3x10-' 


Lung 
GI (LLI) 


2xl(h« 
9x10^ 


GI (ULI) 


2x10-' 


„Qi« (sol.) 


GI (LLI) 


7x10-' 


,,Co*' (sol.) 

(insol.) 


GI ^LLI) 


io-« 


Lung 
GI (LLD 


6xl0-» 
7x10-' 


(insol.) 


GI (LLI) 


4x10-' 


j 


4 X iir* 
4xl0-« 
5xlO-» 


(sol.) 

(iRSOl.) 




6xl0-« 


P*. €.Y 

1 

1 (in^l.) 

i 


total Doay 

Prostate 

Liver 


Lung 
GI (LLI) 


3x10^ 
4xl0-» 


Lung 
GI (LLI) 


2x10-* 
3x10-' 


«Co*» (sol.) 

(insol.) 


GI (LLD 
Total body 

Lung 
GI (LLI) 


3x10-' 
3x10-' 

2xl0-« 
2x10-' 


»Zn"» (sd.) 
Y.e-.P- 

1 (insol.) 

i 


GI (LLI) 
Prostate 

GI (LLI) 


2x10-' 
10-' 

10-' 


.tCo** (sol.) 

(insol.) 


GI (LLI) 
Total body 


10-' 
10-' 


»Zn" (sol.) 

(insol.) 


GI (S) 
Prostate 


4xl0-« 
2xl0-« 


Lung 
GI (LLD 


i 

3xlO-» 
6x10^ 


GI (S) 


3xl0-« 


..Ga" (sol.) 
P-.Y 

(tnsol.) 


GI (LLI) 


8xlO-« 


„Ni» (sol.) 
t 

(insol.) 


Bone 


2x10-' 


Lung 
GI (LLI) 


3x10-' 
3xlO-« 


GI (LLI) 


6)^10-» 


„Gc'» (sol.) 
e 

(insol.) 

1 


GI (LLI) 


4xl0-» 


*.Ni~ (serf.) 

(insol.) 


Bone 


2xlO-» 

1 


Lung 
GI (LLI) 




10-' 

io-« 


Lung 
GI (LLI) 


2xlO-« 
3x10^ 
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1 

Radionuclide and 
type of decay 

1 


: Maximum 1 

Critical 

organ conccntra-!, 
! tion in air 
(lic/ml) 


! 

> Maximum 

RadionucUdeand Critical j^lSSf 
typeofdecay organ j^'^^^f, 

1 ({Ac/ml) 

\ ! 


„As" (sol.) 
«» Y 

(insol.) 


Gl (LLI) 
Total body 


l(h* ; 
7x10-' 1 


mKt*' (rabmersion) 


Total body 


2x10-' 


Lung 
GI (LLI) 


10-' 
8x10-' 


„Rb* (sol.) 
P-.Y 


Total body 
Pancreas 

Liver 


1<F' 
10-' 
10-' 


„A$« (sol.) 

(tnsoL) 


G! (LLD 


10-' 






(tnsol.) 


Lung 
GI (LLI) 


2xl0-« 
4xl0-» 


— ~ — 

Lung 
GI (LLI) 


4x10-* 
9xl0-» 


I 


— — ^ 

„Rb" (Wl.) 

(insol.) 

! 


Pancreas 
Total body 
Liver 


2x10-' 
2x10-' 
2x10-' 


mAs'* (sol.) 

(insol.) 


GI (LLD 


4xl0-» 


Lung 
GI (LU) 


2xl0-« 

3x10-' 


GI (LLI) 


3xlO-» 


«Sr«" (sd.) 

Y 

(insol.) 


GI (SI) 


10^ 


„As" (sol.) 


Gl (LLI) 


2x10-' 


GI (SD 


io-» 


(Insol.) 


GI (LLD 1 I0-' 

i 


W5f" (sd.) 
«. Y 

(insoL) 


Total body 


8xl0-« 


kSc" (sd.) 

(tnsol.) 


Kidaey 
Total body 


4x10-' 
5x10-' 


Lung 

GI (LU) 


4x10-* 

3x10-' 


Lung 

GI (LLD 


4xl0-» 

5x10-' 

- 


«Sr« (sol.) 

P- 

(insol.) 


Bone 


io-« 


mBc" (sol.) 

P-*Y 

(insoL) 


Total body 
GI (SO 


4x10-' 
6x10-' 


Lung 
GI (LLI) 


10-* 
5x10-* 


GI (LLI) 


6xl0-« 


mKi^" (submersion) 

P-.Y 


Total body 


l(h« 


«Si* (sol.) 

P- 

(Insol.) 


Bone 


io-» 


nKi^ (submersion) 


Total body 


3x10^ 


Lung 

GI (LLI) 


2xl0-« 
6xm-» 
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Rtdionuclide and 
type of decay 


Critical . 
organ 


Maximum , 
permissible' 
concentra- ' 

tion in air 
(fic/ml) 


Radionuclide and 
type of decay 


Critical , 
organ 


Maximum 
permissible 
concentra- 
tion in air 
(|«:/ml) 




(sol.) 


GI (LLI) 


2xl(h' 


P-. Y. e- 


(sol.) 


GI (LLI) 
Total body 


10-' 

4xl0-» 




(insol.) 


GI (LLI) 


9x10^ 


■ 

! 

\ 


tinsol.) 


Lung 


io-» 




(sol.) 


GI (ULI) 


2Xl(h' 






P» Y 


iSOI.) 


GI (LLD 


4xl0-» 




(insol.) 


GI (ULI) 


10-' 












(insol.) 


GI (LLI) 


3xl0-» 


«Y- 


(sol.) 


GI (LLI) 


4x10^ 














P- 












GI (LLI) 


9x10-' 




(insol.) 


GI (LLI) 


3x10-* 


Y.e- 




Bone 


4xl0-» 

. . „ 




















(sol.) 


GI (SI) 


8x10^ 






Lung 
GI (LLD 


5xlO-« 
7x10-' 




(insol.) 


GI (SI) 


6xl(H 


«Nb- 

P-.Y 


(sol.) 


GI (LLI) 
Total body 


2x10-' 
2x10-' 




(sol.) 


GI (LLD 
Bone 


6x10^ 
10-* 






(insol.) 


Lung 
GI (LLD 


3xl0-« 

2x10-' 




<insol.) 


LUBg 

GI (LLD 


10-* 








5x10^ 


«Nb" 


(sol.) 


GI (ULD 


2xl0-» 




(sol.) 


GI (ULI) 


10-' 


P-.Y 








P-.Y 








! 


(insol.) 


GI (ULI) 


2xl(H 




(insol.) 


GI (ULI) 










10-' 


«Mo" 

P-.Y 


(sol.) 


Kidney 
GI (LLI) 


3x10-' 
5x10-' 


«Y« 
P'tYtC 


(sol.) 


GI (LLI) 


6xl0-« 










(insol.) 


GI (LLI) 


7xl0-» 




(Insol.) 


GI (?-LI) 


5xl(H 




















P'» Y» «* 


(sol.) 


GI (LLI) 
Bone 


4xl0-« 


«.Y. «" 


(sol.) 


GI (LLI) 




3xl0-» 




(Insol.) 


Lung 
GI (LLI) 


10-' 
10-* 


1 


(Insol ^ 


Lung 
Cif (LLI) 


10-* 
2x10-* 
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type of decay 



organ 



^ Maxtmum 
permissible' 
' conccntra- ' 
tf«A in air 

. (fAc/ml) h 



(soL)l GI (LLI) 





(insol.)! 

j 


GI (LLD 


8xl(H \ 





(sol.)l 


GI (LLD ' 


8x10-' 


e, Y.e- 


i 








(insoL) 


Lung 
GI (LU) 


1* 

5xlO-» jl 
3x10-' ' 

1 


e 


(sol.) 


GI (LLD 
Kidney 


4x10-* 
4xlO-» 




(insoL) 


Lung 
GI (LLD 


10-' 

10^ 1 




(sol) 


GI (ULD 


io-» 




(insolj 


Gf (ULI) 


1 

5xl(h» 1 


«Tc" 


(sol) 


GI (LLI) 


7x10-' 




(Insol) 


Lung 
GI (LLD 


2xlO"» 
3x10-' 




(sol)' GI (LLD 


8x10-' 


«. Y.e- 










(insol) 


GI (LLD 
Lung 


6x10*' 
7X10-' 


„Ru'» 


(sol) 


GI (LLD 


2x10-' 1 


&-<Y,e- 










(tnsol) 


Lung 
GI (LLI) 


1 3x10^ 

i" 10-' 

} 



«, Y 



(sdOl GI (LLD 



(insol.) GI (LLD 



(sol)! GI (LLD 
t Kida^ 



(insol) 



Lung 
GI (LLI) 



(sol) 
(Insol.) 



GI (LLD 



GI (LLD 



(sol)l GI (LLD 

(Insul) Lung 

GI (LLD 



Radionuclide and i 
type of decay 


Critical 
organ 


Maximum 
permissible 
concentra- 
tion in air 
(fxc/ml) 


Y. e- 


(sol.) 


GI (ULD 


2x10-' 




(insol) 


- 

GI (ULD 


2x10-' 


?-.Y 


(sol.) 


GI (LLD 


3x10-* 






(insol) 


Lung 
GI (LU) 


2xlO-» 
2xlO-« 


Y.c- 


(sol) 


GI (S) 


3xlO-» 




(insol) 


GI (S) 


2x10^ 
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Radionuclide and 
type of decay 


Critical 
organ 


Maxim um 
permissible 
concentra- 
tion in air 
(lic/ml) 


Radionuclide and 
type of decay 


Critical 
organ 


Maximum 
permissible 
concentra* 

tion in air 
(fAC/ml) 


ft- 


(sol.) 


GI (LLD 


7x10^ 


«ln"- 

P > T» * 


(sol.) 


GI (ULI) 


8x10-' 




(insoi.) 




Lung 
GI (LLI) 




3x 10^ 
5xl(H 




(insol.) 


GI (ULI) 




6x 10-' 

■■ — - 


P • Y 


(sol.) 


GI (LLI) 


10-' 




(sol.) 


GI (LU) 
Kidney 


2x10-' 
9x 10-* 






j 




(insol.) 


Lung 
GI (LLI) 


Z X HT' 




(insol.) 


GI (LLD 


8xl(H 




<*Y,e- 


(sol.) 


GI (LLI) 

Liver 

Kidney 


4x10-' 
2xl(H 
2xl0-» 


i«Sn"» 

«. Y. e- 


(sol.) 


GI (LLI) 
Bone 


2x10-' 
l(h' 








(insol.) 


Lung 
GI (LLI) 


2xlO-» 
10-' 




(insol) 


Lung 
GI (LLI) 


3xl(H 
3x10-' 










hSii'" 
p-.Y.e- 


(sol.) 




GI (LLI) 


4xl0-» 


4.Cd"*« 

P,Y.«- 


(sol.) 


GI (LLI) 

Liver 

Kidney 


6x10^ 

io-» 

2x10-* 






(iittol.) 


Lung 
GI (LLI) 


3xl(H 
3xl(M 




(insol.) 




Lun^, 


io-» 








GI (LLI) 


4xl(H 


,.Sb'" 

P-.Y 


(sd.) 


GI (LLD 


6xl(H 


4.Cd»" 


(sol.) 


GI (LLD 




8xl(H 
















P% Y. 








i 


(insol.) 


GI (LLD 


5xl(H 




(tnsol.) 


GI (LLI) 


6xl0-» 


P-.Y 


(sd.) 


GI (LLI) 
Total body 


5xl(H 
7xl(H 


^n»»« 


(sol.) 


GI (ULI) 


3xlO-» 












Y.«- 










(tnsol.) 


Lung 
GI (LLI) 


7xl(H 
4X10-* 




(tnsoL)| 6\ (ULI) 


2xl(H 








..Sb"* 

^-.Y.e- 


(sol.) 


GI (LLI) 
Lung 

Total body 
Bone 


2x10-' 
2x10*' 
2x10-' 
2x10-' 


«In"*- 

«. Y, c- 


(sol.); GI (LLI) 
! Kidney 
! Spleen 


4xl(H 
4xl(H 
4xl0-» 




(tnsol.) 


Lung 
GI (LLI) 


7xl0-» 
3xl(H 




(insol.) 


Lung 
GI (LLI) 


9x!(H 
2x10-' 



RADIOACTIVE POLLUTION 



423 



Radiofiuclide and 
type of decay 



p-.Y.e- 



P-.Y.«- 



p-. Y. c- 



(insd.) 



(id.) 



(insol.) 
(sol.) 

(insol.) 



GI (LLl) 

Kidney 

Testis 



Lung 
GI (LLI) 



(iol.) 
(insol.) 



GI (« 



Critical 
orgafl 


Maximum- 
pennissible , 
concentra-^i 
tion in air | 
((AC/m!) 


Kidney 
GI (LLI) 
Testis 


I0-' 
! 4x10-' 
1 2x10-' 


Lung 
GI (LLI) 


; 4xio-» |: 

2x10-' ^ 


Kidn^ 
Testis 
GI (LLI) 


5xlO-» 
5xI0-» 

2x10-* 


Lung 
GI (LLI) 


! i 
; 10^ 
1 9xlO-» 


GI (LLI) 


: 6x10-' 1 


GI (LLI) 


i 3x10-' 

S 



type of decay 



organ 



P-.«.Y 



P-. Y. c- 



7x10^ 
3xlO-» 
3xlO-» 

10^ 
4x10^ 

2xl0-» 



(«ol.) 
(insol.) 



G! (LLI) 



OI (LLI) 



10^ 
10-' 



GI (ULI) i 6xl0-« 



P-, Y. C" 



(sol.) I GI (LLI) ; 7x10^ 



(insol.) I GI (LLI) 4xl(H 



Maximum 
permtsstble 
concentra- 
tion in air 

(|AC/m!) 



(sol.)| Thyroid 3xl(H 



(insol.) I Lui^ 

i GI (LLI) 



10-' 
2x10-' 



(sol.) 



Thyroid 



(insol.)! Lung 

GI (LLI) 



6xl0-« 



2xl0-« 
4x10-' 




(insoL) 


GI (S) 1 


10-* 




(sd.) 


Thyroid | 


4x10-* 



(insol.)} GI (LLI) j 10-' 



„Xe*^*"(subnicrsi<m) Total body | 4xl0-« 
Y.c" 
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Radionuclide and 
type of decay 



Maximum \ 
Critical .P«rmi$«blc 
organ conccntra- 
; Hon in air I 
: (|Jtc/ml) 



r.e- 


(submersion) 


Total body 


3xl(H 


?-.r 


(submersion) 


^ Total body 


10-* 


e 


(sol.) 


' Total body 
Liver 


4xi0-» 
4xl<H 




(insol.) 


Lung 
GI (LLI) 


10-* 
2xl(h» 


p-.Y.e- 


(sol.) 


GI (S) 


I0-* 




(insoL) 


G! iVU) 


2x10-* 


P-.Y 


(sol.) 


Total body 


10-* 




(insol.) 


Lung 
GI (LLI) 


4xl(H 
7xl0-» 


P- 


(sol.) 


Liver 
Spleen 
Toul body 


2x10-' 
2x10-' 
2x10-' 




(insol.) 


GI (LLI) 
Lung 


4x10-' 
3x10-* 


P-.Y 


(sd.) 


Total body 


10-' 




(insol.) 


Lung 
GI (LLI) 


6x10-* 
10-' 


P-. Y. e- 


(sol.) 


Total body 
Liver 
Spleen 
Muscle 


2x10-* 
3xlO-« 
3xlO-» 
4xl0-» 




(insol.) 

1 


Lung 
GI (LLI) 


5x10-* 
8xl0-* 



Radionuclide and 
type of decay 


Critical 
organ 


Maximum 
permt^sible 
concentra- 
tion in air 

(ptc/ml) 


«.Y 


(soL) 


GI (LLI) 


4x10-' 




(insol.) Lung 

' GI (LLI) 


I0-' 
3x10-' 




(soL) 


GI (LLI) 
Bone 


6x10^ 
4xl0-* 




(insol.) 


Lung 
GI (LLI) 


I0-" 

4xl0-« 


P-.Y 


(sol.) 


GI (LU) 


5xlO-« 





(insol.): GI (LLI) 


4x10-* 


..Ce'" 

P-.Y 


(sol.) 


GI (LLI) 

Liver 

Bone 


2x10-' 
2x10-' 
2xl(^' 




(insol.) 


Lung 
GI (LLI) 


5xlO-» 
2x10-' 


„Ce»" 

P-.Y 


(sol.) 


GI (LLI) 


9xl0-* 




i 

(insol.) 1 GI (LU) 

i 


7x10-* 




«.P-.Y 


(sol.) 


GI (LLD 

Bone 

Liver 


3x10-* 
3x10^ 
4xl0-» 




(insol.) i Lung 

; GI (ULI) 


2xl0-» 
2xlO-« 


P-.Y 


(sol.) 


GI (LLI) 


7x10-* 




(insol.) 


GI (LLD 


5x10^ 
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Maximum r Maximum 
Radionuclide and Critical i Radion^l.de and .nticai ^"^1^^ 

type of decay organ ?fiL*1?*I?; i type of decay organ ^^^^^ 



' concentra- 
tion in air \ 
(jjtc/ml) I 



concentra 
tion in air 
(^ic/ml) 





{ 

i 
j 


1 

I 


10-^ 




(insol.) 


1 

I tm<f 1 

GI (LLI) 


9xI0-» 


a 


ISOI.; 


Sonc 
GI (LLI) 


3 X ICh" 
2x10-' 




(insol.) 


Lung 
GI (LLI) 


10-" 

10-* 


»Nd"' 

at,?-, Y 


(sol.) 


GI ;LLI) 
Livrr 


10^* 
I0-' 




(insoL) 


Lung 

GI (LLI) • 


8xlO-» 
10-' 


-Nd'" 

P-.Y 


(sol.) 


GI (LLI) 


6x10-* 




(insol.) 


GI iULI) 


5x10-' 


..Pm"' 


(sol.) 


GI (LLI) 
Bone 


5x10-' 
2x10^ 




(insol.) 


Lung 
GI (LLI) 


3xlO-» 
4x10-' 


„Pm'- 

P-.Y 


(sol.) 


GI (LLI) 


j 10-' 




(insol.) 


GI (LLI) 


! 8x10^ 


..Sm"' 
a 


(sol.) 


Bone 
GI (LLI) 


2x10-" 
1 2x10-' 

1 




(insol.) 


Lung 
GI (LLI) 


1 9x10-" 

i I0-' 

1 



-1M 



(sol.) GI (LLI) 
I Bone 

i 

(insol.)! Lung 

j GI (LLI) 



(sol.) 
(insol.) 



8x10-' 
2xl0-« 

5xl0-« 
7x10-' 



2x10-' 



„Eu*«(9.2hr) (sol.) 




(insol.) GI (LLI) 



^u*«(13y€a«)(sol.)j GI (LLI) 



Kidney 



2x10-' 
4xlO-» 



(insol.); Ltmg 

! GI (LLI) 



6xl0-» 
10-' 



«Hu»** 

P*, «, Y 



(sol.) GI (LLI) ; 5x10-* 
i Kidney i 10-» 
Bone : 10-» 



(insol.) Lung 

GI (LLI) 



2xlO-» 
4x10^ 



„Eu>» (sol) GI (LLI) 

^-,Y 'I Kidney 

Bone 

(insol.)! Lung 



4x10-' 
3xt0-« 
3XI0-* 

3x10^ 



GI (LLI) ! 4x10-' 



(sol.)' GI (LLI) I 5x10-' 
I Bone ! 8x10-* 



(insoL)! Lung : 3xlO-» 
; GI (LLI) 4x10-' 
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I Maximnm || 

Radionuclide Critic! i^^^'if 
type of decay organ \ 

i (l«/ml) ; 


Radionuclide and Critica! 
type of decay organ 


IVI alAIIIi UIII 

permiuible 
concentra- 
tion in air 
((ic/m!) 


„Gd»« (sol.) 

(insd.) 


GI (LLI) 


2x10-' ' 

! 
} 
} 


«Tm^'» (8oL) 
P-, «. Y, «^ 

(insol.) 


GI (LLI) 
Bone 


I0-' 
10-* 


GI (LLI) 


, 

10-' 1 

j 


Lung 

GI (LLD 


io-» 

o X 


„Tb"» (wL) 
P-.Y 

(tnsot.) 


GI (LLI) 
Bone 
Kidney 
Total body 

Lung 


10-' 

3xlO-» ! 
4x10-* ; 

0 X IIT^ ! 

j 

8xl0-» 


„Tm"« (sol.) 

(insc^.) 


GI (LLD 
Bone 

Lung 

GI (LLD 


8xl0-» 

9x10-' 




«Yb"» dd.) 
3-,Y 

(insol.) 


GI (LLD 


2x10-' 


-J)y»" (sd.)' GI (ULI) 


9x10-' 
7x10-' 


(insd.) 


GI (ULD 


GI (LLD 


2x10-' 


P-.Y 

(ins(d.) 


GI (IXD 


2x10-' 


J>y»«» (sol.)l GI (LLI) 
(insoL)! GI (LLD 

i 


8xl0-« 
7xI0-* 


GI (LXD 
Lung 


2x10-' 
2x10-' 


„Hf»' (Id.) 

P-,Y 

Onsot.) 


GI OLD 
Spieen 


2x10-' 


(insol.) 


GI (LLI) 

* 

GI (LLD 


7xl0-» 
6xl0-» 


Lung 

GI (LLD 


3x10* 
I0-' 


nTa'w (lol.) 
P-.Y 

(insol.) 


GI (LLD 
Liver 

Lung 

GI (LLD 


9xl0-» 
10^ 

7xl0-» 
7xl0-» 


••Er"* (sol.) 

P-»Y 

(insol.) 


GI (LLD 

i 

Lung 

GI (LLD 


2x10-' 
10-' 

2x10-' 






P',Y,e- 

(infol.) 


{ GI (ULI) 
i GI (ULD 


2x10-' 
2x10-' 


,^W»« (sol.) 
«* Y 

(insol.) 


GI (LLD 

Lui^ 
1 GI (LLD 

i 


i 8 <10-' 

1 

4xI0-» 

6x10-' 
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Radionuclide and 
type of decay 



Critical 
organ 



P-.Y 



Maximum •* 

permissible; j Radionuclide and 
conccntra- I type of decay 
tionmairil 
(|ju:/ml) 



(sol.) 



(insoL) 



(soL) 
(insol.) 



(sol.) 
(Insol) 
(sol.) 



GI (LLI) 



Limg 
GI (LLI) 



GI (LLI) 



GI (LLI) 



GI (LLI) 
Total body 



Lung 
GI (LLI) 



3xl(h' 



4xl<H 
2x10-' 



2x10-' 



10"' 



io-» 

9x10-' 



GI (LLI) 



(insol.)! (^^1) 



(sol.) 



(Insol.) 



GI (LLI) 
Skin 



Lung 
GI (LLI) 



(sol.) 



(tnsol.) 



(sol.) 
(insol.) 



GI (LLI) 



GI (LLI) 



GI (LLI) 



Lung 
GI (LLI) 



5xl0-» 

5x10-' ! 



8xl0-» 



2x10-' 
2xl0-» 



iO-' 



6xl0-» 



2x10-' 



2x10^ 
10-' 



Maximum 
Critical P«"niss>ble 
organ conccntra- 
^ I tion tn air 
! (txc/ml) 



(sol.) I GI (LLI) 

(tnsol.) I Lung 

GI (LLI) 



(sol.) 



(insol.) 



GI (LLI) 



6xl0-« 



3xl0-« 
4xl0-» 



4x10-' 



I0-' 



Lung 

GI (LLI) ^3x10-' 



p- 


(sol.) 


i 

GI (LLI) 


I0-' 




(insol.) 


GI (LLI) 


9x10-* 


e. Y 


(sol.) 


GI (LLI) 


4x10-' 




(tnsol.) 


Lung 
GI (LLI) 


I0-' 
3x10-' 


P-.Y 


(sol.) 


GI (LLI) 

Kidney 

Spleen 


9x10-* 
4xl(h* 
5xlO-» 




(tnsol.) 


Lung 
GI (LLI) 


9xlO-» 
6XI0-* 


«Ir'« 


(sol.) 


GI (LLI) 


8x10-* 




(insol.) 


GI (LLI) 


5XI0-* 


«Pt»' 
e. Y 


(sol.) 


GI (LLI) 


3x10-' 


1 
i 


(tnsol.) 


GI (LLI) 


2x10-' 
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Radionuclide and i Critical 
typ« of decay j orfan 



,Pt™ 



P-. Y. C- 



„Pt"' 



»Au>" 
Y. e- 



P-.Y 



P-.Y 



t Maximum 
permissibU 
concentra- 
tion in air 
I ((ic/ml) 



(sol.) 
(ifisol.) 



(LLI) 



G! (LLI) 
Lung 



(sol) 



Kidney 



2xl0-» 



2xlO-« 
2xlO-« 



4x10-' 



(insol.) Lung 

GI (LLI) 



(sol.) 
(insol.) 



GI (ULI) 



Gi (ULI) 



(sol.) 



GI (LLI) 



(insol.) I GI (LLI) 



(sol.) 
(iiifol.) 



(sol.) 
(insol.) 



(sol.) 
(insol.) 



GI (LLI) 



10-' 
3xlO-» 



2xl0-» 



2xl0-» 



3x10-' 



2x10-' 



4x10-' 



Lung 
GI (LLI) 



GI (LU) 



GI (LLD 



GI (LLI) 



2x10-' 
3x10-' 



10-' 



8xl0-« 



4x10-' 



GI (LLI) 3x10-' 



Radionuclide and 
type of decay 


Critical 
organ 


Maximum 
permissible 
concentra- 
tion in air 
((ic/ml) 


„Hg*"» 

«. Y. C" 


(SOI.) 


Kidney 


3x10-' 




(insol.) 


G! (LLI) 


3x10-' 


^ Y. c" 


(sol ) 


Kidney 


4x10-' 




(insol.) 


GI (LLI) 


9x10-' 




(sol.) 


Kidney 


2xl0'» 




(insol.) 


Lung 
GI (LLD 


4xl0-« 
2x10-' 


.,T1«" 

*. Y 


(sol.) 


GI (LLI) 


9x10-' 




(insol.) 


GI (LLI) 


4x 10-' 


„T1« 
«, Y.e" 


(sol.) 


GI (LLI) 


7x10-' 




(insol.) 


GI (LLI) 


3x10-' 


„T1- 
e, Y.e- 


(sol.) 


GI (LLI) 


3x10-' 




(insol.) 


Lung 
GI (LLI) 


8x10^ 
10-' 


«T1« 


(sol.) 


GI (LLI) 
Kidney 


2x10-' 
2x10-' 




(insol.) 


Lung 
GI (LLI) 


9xl(H 
10-' 
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Radionuclide and | Critical 
type of decay organ 


Maximum | 
permissibtei 
con^ntra* ' 
tion in air ! 

(jjic/ml) 


Radionuclide and { Critical 
type of decay ; organ 


Maximum 
permissible 
concentra« 
tion in air 
(jxc/ml) 


„Pb*« (sol.) 

(insoL) 


GI (LLI) 


9x10-' 


«Bi«" (sol.) 
P". Y 

(insol) 

i 


GI (S) 
Kidney 


8x10-' 
3xlO-« 


GI (LLI) 


6x10-' 


Lung 
GI (S) 


7x10-* 

6x10-^ 


„Pb*" (sol.) 

(insoL) 


Kidney 
Total body 


4x10-" 
4x 10-*** 


1 «Po"« (sol.) 

1 ^ 

1 

i (insol.) 

i 


Spleen 
Kidney 


2xl0-** 

2x10-" 


Lung 
(LLI) 


\ 

8x10-" 
3x10-' 


Lung 

GI (LLD 


7x10-" 
5x10-* 


„Pb*'* (sol.) 
a. Y. «" 


Kidney 
GI (LLI) 


6xl0-» 
4xl0-» 


i 


aAt»" (sol.) 
a. e. Y 

(insol.) 


Thyroid 
Ovary 


2xl0-» 
3x10-* , 






7x10^ 
-3x10-* 


io-« 

10-' 


(msoi.): Lung 

j GI (LLI) 


Lung 
GI (ULI) 




8xl0-* 
6xl0-» 




«Bi>« (sol.) 
«. Y 

(insol.) 


GI (LLI) 
Kidney 


a. P-. Y. «" 


Lung j 10-'* 

i 
i 


Lung 
GI (LLI) 


5x10-* 
7xl0-» \ 


„Rn«* 

«. P-. Y 


Lung j 10-»* 


„Bi«»' (sol.) 
e, Y 


GI (LLI) 
Kidney 


10-' 

6xl0-» 


„Ra*" (soL) 
a. P-. Y 


Bone 


6x10-" 


(insol.) 


Lung 1 5x\0r* 
GI (LLD i 10-^ 


1 (insol.) 

1 


Lung , 8x10-" 
GI (LLI) 7xl0-» 


,^i*^« * (sol.) 


GI (LLI) 
Kidney 


9xl(H 
2xl0-» 

i 


s»Ra*" (sol.) 
«. P-. Y. C" 

(insoL) 


Bone 


2x10-* 


(insoL)' Lung 

: GI (LLI) 


2xl0-» 
7x10-* 


Lung 
GI (LLI) 


— 

2x10" 
9x10-* 



* The daughter elements of Rn*** and Rn"* are assumed present to the extent they occur in un* 
filtered ain For all other isotopes the daughter elements^ are not considered as part of the intake and if 
present they must be considered on the basis of the rules for mixtures. 
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„ • li i 

, Maximum u 

Radionuclide .nd Critical i^";;^^^*! ' " ^a!^^^ ' 
type of decay organ I'^^S^.V^ type of decay organ 

1 ' (i*c/ini) j; . 


Maximum 
|)ermissible 
concentra- 
tion in air 
(tic/ml) 


mIU«»« (sol.) 

(insol.) 


Bone 


10-11 ij 


..Th"* (so1.)| 
«, Y 

(insol.) 


Bone 


8x10-" 


CI (LLI) 


6xl0-» 


Lung 

m /f i n ' 


3x10-" 


„Ra«» (sol.) 
«, P-, Y. c- 

(insol.) 


Bone 

\ 

i 

Lung 
GI (LLD 


1 

i 

10-" 
4x10-* 




«Th»* (sol.) 
«, P-, Y 

(insol.) 


GI (LLI) 
GI (Ltl) 


5x10-' 
4x10-' 


^c"' (sol.) 
«, P-, Y 

(insol.) 


Bone 


8xlO-» 


^Th*** * (sol.) 
a, P", Y, ^ 

(insol.) 


Bone 


7x10-"* 

4x10-" 
7x10-* 


Lung 
GI (LLI) 


9x10-" 
5x10-' 

— 'j 


Lung 
GI (LLI) 


^c»» (sol.) 
«, P% Y, «" 

(insol.) 


GI (ULI) 

Bone 

Liver 

Lung 
GI (ULD 


2x10-' 
3x10^ 
3x10-* 

6xl0-» 
2x10-' 


^Th«* (so1.)j GI (LLD 
p-, Y Bone 

(insol .)| Lung 

1 GI (LLI) 


4x10-* 
2x10-* 

10-* 
3x10-* 


HTh«' (sol.) 
«. P-, Y 

(insol.) 


GI (LLI) 
Bone 


4x10-* 
10-'* 


..Th-Nat • (sol.) 
P-, Y. ^ 

(insol.) 

i 


I Bone 


6x10-"* 


Lung 
GI (LLI) 


6x10-" 
3x10^ 


Lung 
GI (LLI) 


i 10-" 
j 2x10^ 


,.Th«» (sol.) 
«. P-, Y. «" 

(insol.) 


Bone 


3x10-" 


„Pa*** (sol.) 
a, P^ «, Y 

(insol.] 


j GI (LLI) 
j Bone 


5x10-' 
6x10-" 


Lung 
GI (LLI) 


2x10-" 
2x10-* 


, Lung 
1 GI (LLD 


3 X 10-" 
1 4x10-' 



* Provisional values for Th*" and Th-nat. Although calculations and animal experimenu suggest 
that Th'flat. if iniccted intravenously, is perhaps as hazardous as Pu and indicate the values listed above, 
experience to date has suggested that in industrial circumstances the hazard of Th-nat is not much greater 
than thatof U-nat. Therefore, pending further investigation the values (MPQa - 3 x 10-J» J^c/cm* for 
the 40-hour week and (MPQa = IC |jtc/cm» for continuous occupational exposure (IW nr/wk) are 
recommended as provisional levels, permissible for exposure to inhaled Th-nat or Th«»«. However, the 
values given in this annex are listed to indicate the possibility that further evidence may require lower values 
and to urge especially that exposure levels for these radionuclides be kept as low as is operationtlly possible. 
It may be possible to show that similar considerations apply to other inhaled long-lived thorium isotopes 
under conditions in which the physical characteristics of the airborne particulates are much the same as 
in the case of Th-nat, and where thv.e is a large amount of airborne material serving as an effective carrter 
for the thorium. 
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Maximum , 

Radionuclide and Critical permissible Radionuclide and Critical 
type of decay | organ ^^^o^^m^ type of decay organ 
\ (ixc/ml) 


Maximum 
permissible 
concentra- 
tion m atr 
(fxc/ml) 


„Pa*'> (sol.) 

(insoL) 


Bone 

i 
1 

! 


4xl0-» j 


' i 
„U«« (sol.)| GI (LLI) 1 

a, Y Bone 

* 


7xl0-« 
2x10-" 

4x10-" 
6x10^ 


I 

Lung 
GI (LLI) 


4xl0-» ! 
5xl0-« 1 


(insoL) 1 


Lung 
GI (LLI) 


.iPa"* (sol.) 
P-.Y 

(insol.) 


GI (LLI) 
Kidney 


3x10-' 1 
2x10-' 1 


„U« (soL) 
Y.c- 

(insoL) 


GI (LLI) 
Kidney 


8xl0-« 

3x10-" 


Lung 
GI (LLI) 


6x10^ 1 
2x10-' [ 


Lung 
GI (LLI) 


5x10-" 
6xl0-« 


hU»» (soL) 
a. P-. Y 

(Insol.) 


Gr(LLl) 
Kadney 


10-* 
10-" 


MU-Natural (sol.) 

(insol.) 


GI (LLD 
Kidney 


4xl0-« 

3x10-" 


Lung 
GI (LLI) 


i 

4xl0-» 1 
8X10-* 1 


Lung 
GI (LLI) 


2x10-" 
3xl0-« 


„U«« (sol.) 
«• Y. c- 

(insol.) 


GI (LLI) 
Bone 

Lung 
GI (LLI) 


6x10-* 
3x10-" 

9x10-" 

5x10-* 

1 


„Np*« (soL) 
a,?-, Y 

(InsoL) 


Bone 

Lung 
GI (LLI) 


10-" 

4x10-" 
5xl0-« 


•.U«' (sol.) 
a. y 

(tnsoL) 


GI (LLI) 
Bone 

Lung 
GI (LLI) 


7xl0-« 
2x10-" 

4x10-" 
6xl0-« 


i ' - 


„Np"" (sol.) 
P-. Y 

(insol.) 


GI (LLI) 


3x10-' 


GI (LLD 


i 2x10-' 


„U"* (SOL) 

Y 

(insoL) 


GI (LLI) 
Bone 


7xl0-« 
2x10-" 


„Pu*» (soL) 
*♦ Y 

(insol) 


Bone 


7x10-" 

f 

10-" 
5xl0-» 


Lung 
GI (LLI) 


4x10-" 
6xl0-« 


Lung 
GI (LLI) 


«U«» (soL) 
«,P-.Y 

(insoL) 


GI (LLI) 

Kidney 

Bone 


6xl0-« 
2x10-" 
2x10-" 


„Pu«» (soL) 
a. Y 

(insoL) 


1 

Bone 


6x10-" 


Lung 
GI (LLI) 

! 


4x10-" 
5x10^ 


i Lung 
1 GI (LLI) 


10-" 
1 5xlO-« 

1 
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1 

Radionuclide and 
type of decay 

1 


; Maximum 
Critical I>crm»»»ble 
„r"„ conccntra- 
i t-on in air 
j (Jic/ml) 


i 

Radionuclide and 
type of decay 


Cniical 
organ 


Maximum 
permissible 
concentra- 
tion in air 

({jLC/ml) 


a. Y 


(sol.) 


Bone 


o X Hr 




iSOI.; 


Bone 


3 X 10-" 




(insol.) 


Lung 
GI (LLI) 


10-11 

5xlO-* 




(insol.) 


Lung 
GI (LLI) 


3x10-" 
5x10^ 




(sol.) 


Bone 




T 




Bone 


2x10-" 




(I'nsol.) 


Lung 
GI (LLI) 


2xl(H 




(insol.) 


Lung 
GI (LLD 


4x10-" 
5xl0-» 


a 


(sol.) 


Bone 


6XI0-" 


«Cm*« 
a 


(sol.) 


Bone 


2x10-" 




(insol.) 


Lung 
GI (LLD 


I0-" 
5xl(H 




(insol.) 


Lung 
GI (LLD 


4x10-" 
5xlO-« 


a. Y 


(sol.) 


Kidney 
Bone 


2x10- 
2x10-" 


„Bk«» 

a, P-, Y 


(sol.) 


GI (LLI) 
Bone 


3x10-" 




(insol.) 


Lung 
GI (LLI) 


4xl0'>" 
5x10^ 




(insol.) 
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Absorption equipment, as control device, 

334- 335 

in gas sampling, 70-71 
Adsorption equipment, as control device, 

335- 336 

in gas sampling, 71 
Aerosols, associated with Los Angeles 
smog, phytotoxicity, 268 
coagulation, IIS 
control equipment, 309<333 
effect on visibility, 119-120 
particle number concentration, 117 
particle size, 116-117 
physical properties, 114-122 
sampling methods, 73-76, 120-122 
settling and dispersion, 118-119 
Agriculture, see under individual crop 
Air components, 97-99, 160 
Air flow, as dispersing agent, 50-53,99 
Air Pollution Control Association, 18 
Air Pollution Control Bill (USA), 46 
Air Pollution Control Districts, creation in 

California, 372 
Air pollution disasters, comparative study, 
179-182 

see also under individual episode 
Air Pollution Foundation, 32 
Air Pollution Planning Seminar, 34 
Aldehydes, concentrations in urlxui air, 144 
photochemical ruction in ozone forma- 
tion, 151, 152-153 
Alfalfa, sulfur dioxide fumigation expe- 
riments, 241-242 
Alkali, etc. Works Regulation Act, 22, 142, 

366, 370-371 
Alkali Inspectorate, 22 
Allegheny County, control legislation, 
372-373 

Allergenic agents, effects on human health, 
199-210 
sources, 199, ^ 
American Chemical Society, Committee on 

Air Pollution, 154 
Amoican Medical A.S30cmtion, Committee 

on Air Pollution, 4243 
Ammonia, industrial ^'>urces, 144 
phytotoxicity, 272 



Analytical methods, 76-94 

Animal experimentation, 188, 202, 224-230, 

398^ 

Animal fluorosis, 44-45, 197, 227-228 
Animal health, effects of pollution on, 

221-230 
see also Animal fluorosis 
Animals, use as pollution detectors, 93 
Arresters, 354-355 
Arsine, role in Haff disease, 179 
Atomic reactors, see Nuclear reactors 
Australia (Victoria), control legislation, 

377-378 

Austria, control legislation, 20 
Autometer, 90-91, 92 

Automobiles, carbon monoxide emission, 
195-1% 

control l^slation in Great Britain, 370 
hydroc^i^n emission, 23-24, 102, 103, 
136 

oxid^ of nitro^ emission, 142-143 
Avocado, ozonated hexene fumigation 
experiments, 271 

Baffle chambers, 313-314 

Bag filters, 319-324 

Baltimore, smoke control, 45-46 

Barley, sulfur dioxide fumigation experi- 
ments, 242 

"Battersea" effluent process for sulfur 
dioxide removal, 356-358 

Belgium, control Illation, 376 

Benzpyrenes, as carcinogenic agents, 201- 
202 

detection in urban air, 81, 134-138 
Beryllium, as etiological factor in pulmo- 
nary granubmatosis, 193-194, 200 
as potential pollutant, 14 
Biological methods of anal)^is, 93-94 
Blood, eflect of carbon monoxide on, 

194-195 
Boilers, fly ash from, 26 
Briquettes, principles of smokeless com- 

bustion, 352 
Building maintenance costs, British esti- 
mates, 284 
French estimates, 284, 285 
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California, creation of Air Pollution Con- 
trol Districts, 372 
Canada, and United States of America, 
International Jc'nt Commission, Tech- 
nical Advisory iioard on Air Pollution, 
111, 138, 282 
Ontario, control legislation, 378 
Cancer, etiological factors, 201-^3 
induction in laboratory animals exposed 

to hydrocarbons, 226 
lung, relationship with tobacco smoking, 
202-^3 

Carbon monoxide, effects on human health, 

194-196 
urban concentrations, 145 
Carcinogenic agents, detection in urban air, 

134-138 

effects on human health, ^2-203 
sources, 201-202 
Cardio-respiratory disease, carbon mon- 
oxide as etiological factor, 195 
Cement kilns, pollution control problems, 
362-363 

Chemical methods of analysis, 78-81 
Chicago, smoke control, 16 
Chimney height, influence on pollution 
dispersal, 353-354 
legislation In Great Britain, 370 
recognition of importance in pollution 
control, 26 
Chlorides, concentrations in community 
air, 142 

see also Chlorine; Hydrochloric acid 
Chlorine, phytotoxicity, 272 
Chromatographic methods of analysis, 
80-8! 

Clean Air Act 1956 (Great Britain), 

introduction, 17-18 
main statutory provisions, 367-370 
Climatological records, use in pollution 

control, 56-58, 300-301 
Coal, introduction as substitute for wood 

fuel, 13 

principles of smokeless .combustion, 

350-352 
unbumt residue losses, 287-288 
Coal tar, principles of smokeless combus- 
tion, 350 

Coke, principles of combustion to avoid 

grit emission, 352 
unbumt residue losses, 287-288 
Coke ovens, smoke and grit emission, 

361-362 

Colorimetric methods of analysis, 80 



Combustion equipment for control of 

gaseous pollutants, 333034 
Condensable pollutants, composition, 146- 

148 

Condensation nuclei, 122-124 

Condensers, in gas sampling! 71-72 

Contaminants, see Pollutants 

Continuous recording instrumental meth- 
ods of analysis, 90-92 

Corrosion of metals, 286-287 

Cotton, hydrogen fluoride fumigation 
experiments, 261 
sulfu" dioxide fumigation experiments, 
244 

Cyclonic scrubbers, 331 

Cyclonic separators, as control device, 

315-318, 354 
in gas sampling, 76 
Czechoslovakia, control legislation, 378- 

379 



Denmark, control legislation, 376 
Detroit-Windsor, collection of data on 

effects of pollution on human health, 

282 

pollution control measures, 110-113 
sulfur dioxide emissions, 137-IS8 
topography and met^rology, 113 
2-4 Dichlorophenoxyacetyl add, manufac- 
ture, difficulties of siting, 299 
phytotoxicity, 273 
Diesel engine, control legislation in United 
Static of America, 3/} 
expanding use of, 289 
hydrocarbon emission, 102, 103, 1 36 
Dispet^l of pollutants, by meteorological 
agents, 50-54 
influence of chimney height, 353-354 
Donora disaster, animal sickness data, 
222-223 
as research incentive, 30 
causative a^ts, 171-172 
comparison with Meuse River Valley 
and London fog disasters, 180-182 
human |i(^ness data, 165-171 
meteorological factors, 165 
Dust control, industrial methods, 353-356 
legislation in Great Britain, 369-370 
see also under individual device 
Dustfall, comparative distribution in cities, 
125-131 

Dust storms, efl'ects on human health, 206- 
207 
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Economic depressions, effect on air pollu- 
tion research, 17, 18, 27 

Economic repercussions of air pollution, 
281-288 

Electrical precipitators, as control device, 
324-328, 355 
in particulate sampling, 76 
Electricity geiKmting stations, control 
legislation in Great Britain, 371 
sulfur dioxide removal, 356-361 
Environmental factors, effect on plant 
susceptibility to sulfur dioxide, 238*239 
influence on radioactive pollution, 390- 
392 

Ethylene, phytotoxicity, 268-269 
Europe, smoke control measures, 19-20, 21 
Western, control l^slation, 375-377 
see also under individual country 
Eye irritation, correlation with Los Angeles 
smog measurement, 191 

Filters, as control device, 318-324, 355 

in particulate sampling, 75-76 
Flue-gas washing for sulfur dioxide remo- 
val, 356-360 
Fluorides, effects on human h^lth, 196- 
197,' 207 

industrial sources, 45, 140*141, 196, 

245-246 
phytotoxicity, 244-260, 274 
possible role in Meuse River Valley 

disaster, 164 
see also Hydrogen Huoride 
Fluorosis in animals, 44-45, 197, 227-228 
France, control legislation, ^, 376 

estimates of air pollution costs, 284-285 
Fuel consumption in relation to emission, 

99-103 
Fuel substitution, 337 

see also Smokeless fuels 
Fuel utilization in relation to pollution, 
345-363 

Fulham/Simon-Carves cyclic ammonia pro- 
cess foF sulfur dioxide removal, 359, 
360 

Garment cleaning costs, French estimates, 
284-285 
United States estimates, 283 
Gases, control equipment, 333-336 

sampling methods, 70-72 
Germany^ control legislation, 20 
Federal Republic, control legislation, 
376-377 



Gravimetnc methods of analysis, 78-79 
Gravity settling chambei^, 310-312 
Great Britain, and United States of Ame- 
rica, comparison of fuel consumption 
and emission, 100 
Clean Air Act. 1956. see Qean Air Act 

1956 (Great Britain) 
coal consumption, 175 
Conmiittee on Air Pollution, 176, 366 
control legislation, 366-371 
Department of Scientific and Industrial 
Research, Heating and Ventilation 
Reconstruction Committee, 366 
early control legislation, 365 
estimates of air pollution costs, 284 
" green belt area " principle. 296 
Ministry of Fuel and Power, Depart- 
mental Committee on National Fuel 
Policy. 366 
Fuel and Power Advisory Council, 366 
" sieve " proceduie in zoning, 302 
smoke control measures, 17-19, 22. 366, 
367-369 

sulfur dioxide enussions, 136-137, 138, 
175 

see also London fog disaster; London 
smog 

Grit emission, control legislation in Great 
Britain, 369-370 
control niethods, 353-356 
see also under individual device 

Haagen-Smit theory of smog formation. 149 
Haflf disease, 179 

Health, see Animal health; Human health 
Health costs of pollution, 282-283 
Herbicides, phytotoxicity. 273 
Historical aspecu, 9-35 
Howden-I.C.I. cyclic lime process for sul- 
fur dioxide removal. 358-360 
Human health, effects of pollution on, 

159-210, 392-401 
Humidity, relative, effect on plant suscep* 

tibility to sulfur dioxide, 238 
Hydrocarbons, automobile emission, 23- 
24. 102, 103, 136 
detection in urban air, 134-136. 145-148 
emission in Los Angeles County, 106 
exposure of laboratory animals, 226 
Hydrochloric acid, eariy control measures, 
141-142 
recognition as pollutant, 14 
Hydrogen chloride, phytotoxicity, 272 
Hydrogen cyanide, phytotoxicity, 273 
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Hydrc^n fluoride, exposure laboratory 
animals, 228 
industrial emission, 140-141 
plant fumigation experiments, 251-260, 
261,262 

Hydrogen sulfide, phytotoxicity, 272-273 
role in Poza Rica disaster, 140, 178-179 

Impingers, as control device, 312-315 

in particulate sampling, 74-75 
Incineration control equipment, multiple 
stage, 340*342 
single sts^y 339-340 
Incinerators, emission rates, 102, 103, 
34N342 

Industrial energy sources, 345-347 

Industrial location, see Site selection 

Industrial sources of air pollution, 308 
see also under individual pottutatit 

Inertial separators, 312-318, 354 

Ingestion d pollutants, physiological ef- 
fects, 207*208 

Insecticides, health hazards, 204 

International Commijsion on Radiological 
Protection, establishment of maximum 
permissible con^ntrations, 397-398, 
400, 414, 416-432 

International Digest of Health Legislation, 
366 

Ifitemational Joint Commission, Technical 
Advisory Board on Air Pollution, 1 1 1, 
138, 282 

" Invisible ** plant injury, in hydrogen 
fluoride fumigation studies, 258 
in ozonated hexene fumigation studies, 
269 

ill sulfur dioxide fumigation studies, 234 
Ion concentration and mobility, 123-124 
Ionizing radiation, see Radioactivity 
Iron and steel foundries, pollution control 

problems, 361-362 
Iron corrosion, 286, 287 
Irritant pollutants, effect on respiratory 

tract, 184-188 
Italy, control l^slation, 20 

let scrjbbers, 331 

Kentia palms, Los Angetes grown^ exposure 

to carbon-Hltered air, 271 
Ketones, photochemical reaction in ozone 

formation, 151, 152-153 
Kew Gardens^ sulfur dioxide fumigation 

experiments, 25, 263 



Land planning in relation to zoning, 293 
Leaf destruction/yield ratios, determined in 

sulfur dioxide fumigation experiments, 

241-244 

Legal definitions of air pollution, 40 
Legislation, 365-380 

Lenma minor, ozonated hexene fumigation 

experiments, 269-270 
Lemon fruit, ozonated hexene fumigation 

experiments, 271 
Literature of air pollution research, sources, 

10, 153-154 
London fog disaster, anima! sickness data, 

223 

causative agents, 173*175 

comparison with Meuse River Valley 

and Donora disasters, 180-182 
human sickness data, 172-173 
meteorological factors, 172 
sul>sequent government action, 366*367 
London smog, phytotoxicity, 260-261, 
263-264, 274 
see also London fog disaster 
London Smoke Prevention Exhibition, 
ISS3, 24 

Los Angeles County, control legislation, 
373 

establishment of maximum permissible 

concentrations, 40, 41 
hydrocarbon emission estimates, 106 
pollution control costs, 288 
pollution emissions, 105-109, 143, 144 
topography and meteorology, 104, 110, 

176 

Los Angeles smog, chemical composition, 
148-153, 177 
effects on human health, 176-178, 191 
exposure of laboratory animals, 225-226 
history, 22-24 

phytotoxicity, 148, 265-272, 274 

sources, 1 10 
Louver separators, 314-315 
Low-pressure collectors, in gas sampling, 72 
Lung cancer, relationship with tobacco 
smoking, 202-203 

Manganese, as etiok)gical factor in pneu- 
monia, 194 
Mass spectrometer, in gas sampling, 72, 86 
Maximum permissible concentrations, esta- 
blishment in Los Angeles, 40, 41 
in Union of Soviet Socialist Republic, 
374 

(^radioactive pollution, 397-401, 416-432 
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Mechanical engineer's contribution to clean 
air. Proceedings of the conference . . ., 
348 

Mechanical scrubbers, 331, 332 
Medical aspects of air pollution, see 
Human health, effects of pollution on 
Mellon Institute, economic .study of air 

pollution, 283 
Mercury, phytotoxicity, 273 
Metabolism of radionuclides, 395-396 
MeCeorologicalfactor5,43-44, 49-60, 161-162 
see also Detroit-Windsor; Donora dis- 
aster; London fog disaster; Los 
AngclesCounty; MeuseRiver Valley 
disaster; Nuclear reactors; Site 
selection ; Weather forecasu ; Zoning 
Meters, use in sampUng, 69 
Meuse River Valley disaster, as research 
incentive, 26 
causative agents, 164 
comparison with Donora and London 

disasters, 180-182 
human sickness data, 163-164 
meteorological factors, 163, 164 
Micro-organisms, presence at high alti- 
tude, 99 

Microscopic methods of analysis, 87 
Microsensor, 91 

Mine refuse, control legislation in Great 

Britain, 370 
Motor cars, see Automobiles 

NatiOM^ air pollution symposia, 32 
National Smoke Abatement Association, 18, 
29 

Nephelometric methods of analysis, 80 
Netherlands, control legislation, 377 
New Zealand, control legislation, 379 
Nitro^ dioxide, photochemical reaction 

in ozone formation, 150-151 
Nitrogen, oxides of, see Oxides of nitrogen 
Non-irritant pollutanU, physiological ef- 
fects, 188-193 
Nuclear bomb tesu, 385 
Nuclear reactors, operation, 383 
production of fuel for, 382-383 
^tin^ met^rological considerations, 29g» 
413 

wastes processing, 384 

Occupational environnoents, atr pollution 
studies, 161 
noaximum permi^ibie concentratiotis of 
mdtonuclides, 416-432 



Odours, control equipment 333-336 
in detection of pollution, 40, 93-94, 183, 
208 

masking procedure, 208-209 
removal, 208 
Oil, principles of smokeless combustion, 
349-350 

Orchids, Los Angeles smog damage, 268 
Organic vapour contaminants, 134-136, 

145-148, 201-202 
Organisation for European Economic Co- 
operation, publication on air and 
water pollution, 365 
Orifice impaction, 314 
Oxides of nitrogen, phytotoxicity, 269 
role in Donora disaster, 171-172 
role in Meuse River Valley disaster, 164 
urban concentrations, 142-143 
see also Nitrogen dioxide 
Oxides of sulfur, role in Donora disaster, 
171 

role in Meuse River Valley disaster, 164 

see also Sulfur dioxide 
Ozonated hexcnc, plant fumigation cxpe- 

rimenu, 269-271 
Ozone, effects on human health, 188 

exposure of laboratory animals, 188, 226 

photochemical formation, 149-153 

phvtotoxicity, 268, 270 

reaction rates with various compounds^ 
152 

Packed scrubbers, 331-332, 333 
Paraphenytenediamine, 200 
Paris, smoke control, 20 
Particulate pollution, chemical composi- 
tion, 131-134 
sampling methods, 66-67, 73-76 
see also Aerosols; Dust control; Dust- 
fall; Grit emission 
Peroxyacetyl nitrite (PAN), phytotoxicity, 
265 

Photochemical formation of ozone, 149-153 

Photometric methods of particulate sam- 
pling, 73-74 

Photosynthesis, effects of hydros fluor- 
ide* 256-260, 261, 262 
effects of sulfur dioxide, 239-241 

Physicochemical aspects of air pollution 
97-155 

Pinto bean, ozonated hexene fumigation 

experimenu* 269-271 
Pittsburgh, control legislation, 372 
introduction of smokeless fuel, 17 
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Plant location, set Site selection 
Plants, cultivated and native, relative sen- 
sitivity to hydrogen fluoride, 252-253 
relative sensitivity to sulfur dioxide, 
236-237 

effects of pollution on, 25, 137, 141, 148, 

233-274 
use in detection of pollution, 93 
Pneunu>nia, manganese as etiological fac- 
tor. 194 

Poa annua, susceptibility to smog, 266 
Polarographic methods of analysis, 86-87 
Pollutants, classified list, 41 

natural sources, 50, 98-99 

see also under individual pollutant 
Pollution control, cla^tication of industrial 
emission sources, 295-296 

concentration and containment, 294-295 

cosU, 288 

dilution and dispersion, 295 
equipment, 309-336 
process changes for, 336-342 
see also under intHviduat cities and coun^ 
tries 

Polyethylene bags, use in gas sampling, 72 
Portugal, control legislation, 377 
Poza Rica disaster, animal sickness data. 
224 

human sickness data^ 178*179 
role of hydrogen sulfide, 140, 178 
Precipitation, as air-cleansing agent, 54-55, 
208 

Probes, use in gas sampling, 69 
Produce gas, principles of combustion to 

avoid grit emission, 353 
Pulmonary granulomatosis, beryllium as 

etiological factor, 193-194, 200 

Radioactive pollution, classification of 
areas affected, 386-387 
concentration levels, 385-386 
effects on human h^lth, 197-199, 392-401 
environmental factors, 390-392 
establishment of maximum permissible 

(^m^ntrations, 397-401, 416-432 
exposure of laboratory animals, 228-229, 
398 

frequency and duration, 387-388 
instrumental control methods, 92-93, 

406-408 
monitoring, 88-89, 40MI0 
physicochcmical properties, 389 
preventive measures, 410-414 
radioactive properties, 389 



Radioactive pollution (continued) 
relative toxicities, 386, 396-397 
sources, 197-198, 382-385 

Radioactivity, measurement, use in air 
^lysis, 88-89 

Radionuclide, maximum permissible con- 
centrations for occupational exposure, 
416-432 
peaceful uses, 384-385 

Railway engines, control legislation in 
Great Britain, 369 

Rain, as air-cleansing a^t, 54*55, 208 

Rayteigh theory of light scattering, 119 

Refractomctric methods of analysis, 87-88 

Research on air pollution, historical deve- 
lopment, 10-13, 24-30 
modem trends, 30-33, 154-155 

Resptrat*on, plant, effects of hydrogen 
fluoride, 256-260, 261, 262 
effects of sulfur dioxide, 239-241 

Respiratory disease mortality, comparative 
data for rural and urban populations, 
283 

Respiratory tract, effect of irritant pollu- 
tants on, 184-185 

Ringelmann chart, first published descrip- 
tion, 25 

introduction into United State of Ame- 
rica, 41 

use in particulate sampling, 73-74 
Robert Taft Sanitary Engineering Center, 
initiation of air pollution research, 32 
Ruhr Valley, smoke pollution, 19 
Rye graM, sulfur dioxide fumigation expe- 
riments, 263-264 



St Louis, control legislation, 16, 372 

" Salad crops smog injury, financial 

losses, 267-268 
Sampling methods, 64-76 
Sand storms, 206-207 
Scrubbers, 329-333, 355 
Sea-salt nuclei, 99 

Sedimentation, in particulate sampling, 73 
Sensory detection of pollution, 40, 93-94, 
183, 208 

Ships, control legislation in Great Britain, 
369 

Site selection, general principles, 297^300 
meteorological considerations, 298-299 
topographic considerations, 299 

Smog, differentiation between Los Angeles 
and London types, 233 
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Smog {continued) 
etymology, 1 76 

see also London smog; Los Angles smog 
Smoke, rote in London fog disaster, 130- 
131. 173-174 
urban concentrations, 128-131 
Smoke control, fuel combustion principles, 
349-353 
historical aspects, 14-20 
l^islation in Great Britain, 367-369 
Smokeless fuels, combustion principles, 
352-353 

introduction in Gr^t Britain, 17 
introduction in United States of America, 
17 

Social aspects of air pollution, 289-290 

Sonic a^omcrators, 355-356 

Sound absorption, use in air pollution 
analysis, 89 

Spectrometric anission methods of ana- 
lysis, 72, 82-85 

Spray towers, 330-331 

Stacks, see Chimney height 

Staiuiardization, desirability in air pollu- 
tion research, 94-96 

Stanford Research Institute, studies on 
smog formation, 151 

Statistical studies, importance in air samp- 
ling, 65 

'itcel durability, in different atmospheres, 
286 

in relation to rainwater conductivity, 286 
Suction device, use in gas sampling, 69-70 
Sulfur content of various fuels, 186-187 
Sulfur dioxide, comparative urban emis- 
sions, 136-140 
early control measures, 14-19 
effects on human heaUh, 187-188. 199-200 
industrial source, tOl 
phytotoxicity, 25, 137, 233-244, 260-261, 

263-264, 273-274 
recognition as pollutant, 13 
removal, as contributory factor in Los 
Angles smog formation, 25, 210 
by " Battersca '* effluent process, 356- 
358 

by Fulham/Simon-Carvcs cyclic am- 
monia process, 359, 360 

by Howdcn-l.C.l. cyclic lime process, 
358-360 

separation of pyrites from coal, 360 
by Trail smelters, 40, 101-102 
resistance to, 187, ^ 
role in London fogdisaster» 173 175 



Sulfur oxides, see Oxides of sulfur 
Sunlight, as proteaion against air-borne 
^rcinogens, ^3 
loss due to pollution, 205 
rote in smc^ formation, 149-153, 205- 
206 

Sweden, control tegislalion, 377 

Thermal conductivity methods of analysis, 
88 

Thermal precipitation, in particulate sampl- 
ing, 76 

Thomas autometcr, 90-91, 92 
Titrilog, 91 

Tobacco smoking, relationship with lung 

cancer, 202-203 
Topographic factors, 43-44, 51 
see also Detroit-Windsor; Los Angeles 
County; Site selection; Zoning 
Trail smelters, compensation paid for crop 
damage, 284 
creation of International Commission, 28 
sulfur dioxide removal, 40, 101-102 
Turbidimctric methods of analysis, 80 
Turbulence, as dispersing agent, 29, 52-53 

Ultrasonic agglomcrators, 355-356 
Union of Soviet Socialist Republics, con- 
trol legislation, 374-375 
industrial zoning, 296 
United Kingdom on Gr::t 'Britain and 
Northern Ireland, fuel consumption in 
relation to pollution emission, 348 
see also Great Britain 
United States of America, and Canada, 
International Joint Commission, Tech- 
nical Advisoo" Board on Air Pollution, 
111, 138, 282 
and Great Britain, comparison of fuel 

consumption and emission, 100 
control legislation, 46, 372-373 
estimates of air pollution costs, 283-284 
site selection principles, 297 
sn.oke control m^ur^, 16-17, 21, 45-46 
sulfur dioxide emissions, 137-140 
. see also under individual cities , 
United Stat^ Technical Conference on Air 
Pollution, 39 

Vapour recovery systems, 337, 338 
Vapour sampling devices, 70-72 
Venturi scrubbers, 331 
Vereiiiiguog der Grosskesselbesitzer, 20 
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Visibility reduction, as cause of air stagna- 
tion, 55, 206 
relationship to light scattering by aero- 
sols, 119-120 
Visual methods of particulate sampling, 
73-74 

Volumetric methods of analysis, 79 



Water gas, 353 

Water lupplies, contamination by air- 
borne pollutants, 208 

Weather forecasts* use in pollution control 
2J-29, 58-59, 300-301 

Wheat, sulfur dioxide fumigation experi- 
ments, 242-243 

Wind, as dispersing agent, 50-53, 99 

Windsor, Ont, dustfall values, 125-128 
see also Detr<»t-Windsor 



Wood fuel, replacement by coal, 1 3 
World Meteorological Organization, 53 

X-ray diffraction methods of analysis, 85-86 

Yield/leaf destruction ratios, determined in 
sulfur dioxide fumigation experiments, 
241-244 

** Yokohama asthma 20! 

Ztnc corrosion* 286 

Zoning, application to pollution control, 
303-305 V^x^ 
economic cofisida^ti<His, 302-303 
general principles, 293-294 
in fetation to land planning, 293 
meteorological considerations, 300-301 
topographic considerations, 301-302 



